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Abstract 

Title of Dissertation:  Membrane-Anchored Serine Proteases in Ovarian Cancer 

Dissemination and Metastasis 

Nisha Ramesh Pawar, Doctor of Philosophy, 2022 

Dissertation Directed by: Toni M. Antalis, PhD., Professor Department of Physiology 

 

Ovarian cancer (OvCa) is the most fatal gynecological malignancy due to delayed 

clinical presentation, passive metastasis, frequent tumor recurrence, and lack of effective 

targeted therapies. OvCa tumors predominantly shed as single cells or spheroids and 

disseminate throughout the peritoneal cavity. Spheroids are considered critical metastatic 

units that contribute to disease recurrence and chemoresistance. Despite recent advances 

in treatment strategies, there has been little improvement in patient survival. There is an 

urgent need to develop a better understanding of molecular mechanisms that are 

fundamental for OvCa dissemination, in order to provide alternative therapeutic options 

for long-term remission. Matriptase, a membrane-anchored serine protease (MASP), and 

its substrate protease-activated receptor-2 (PAR-2) both exhibit elevated expression in 

OvCa compared to normal ovary tissues which worsens patient survival, suggesting a 

critical role for activation of this pathway in OvCa progression. Overactive matriptase, 

induced by an imbalanced ratio with its cognate inhibitor hepatocyte growth factor 

activator inhibitor-1 (HAI-1) has been implicated in disruption of barrier integrity and 

epithelial carcinogenesis, although the mechanism is not known. This study, demonstrates 

a functional role for an imbalanced matriptase:HAI-1 ratio in OvCa progression, and 

identifies a matriptase/PAR-2/PI3K/Akt/MMP-9/E-cadherin signaling axis that disrupts 



  
 

cell-cell interactions and promotes formation of pro-metastatic loose spheroids in vitro, in 

in vivo orthotopic xenograft models, and in patient-derived tumor cells. This 

matriptase/PAR-2 pro-metastatic signaling is in direct contrast to another MASP family 

member, testisin, suggesting a novel mechanism of biased agonism that orchestrates OvCa 

dissemination. 

Since over-activity of MASPs is associated with advanced OvCa, we have 

developed a MASP-activated pro-drug based on a re-engineered anthrax toxin (PAS:LF) 

that is selectively activated by zymogen-activating proteases on the tumor cell surface to 

inhibit tumor cell-survival pathways. This therapeutic strategy is radically different from 

anti-proliferative mechanisms of standard chemotherapeutic agents. We have 

demonstrated anti-tumor efficacy in a range of OvCa cells and spheroids in vitro, in various 

in vivo orthotopic xenograft models of OvCa dissemination, in patient ascites-derived 

tumor cells and in patient-derived xenograft models in vivo, with no off-target adverse 

effects. Clinical translation of these preclinical findings could establish PAS:LF as a 

promising treatment strategy to improve patient outcomes.   
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CHAPTER 1.  BACKGROUND AND SIGNIFICANCE1 

1.1. Ovarian Cancer  

Ovarian cancer (OvCa) is the fifth-leading cause of cancer deaths for women in the 

United States and the deadliest gynecological malignancy. OvCa is more than a single 

disease and encompasses a myriad of distinct subtypes with varying histological and 

molecular characterizations underpinning tumorigenesis, disease progression, and 

response to therapeutics. The majority of ovarian cancers (90%) arise from epithelial cell 

origins, and the most current WHO Classification of Female Genital Tumors dictates five 

main histotypes: high grade serous carcinoma (HGSC), clear cell carcinoma (CCC), 

endometrioid carcinoma (EC), mucinous carcinoma (MC), and low-grade serous 

carcinoma (LGSC) (1,2) (Fig. 1.1). HGSC comprise the most clinically prevalent histotype 

and have been demonstrated to ubiquitously express oncogenic driver mutations in TP53, 

exhibiting the highest frequency of p53 mutations of any solid cancer (3). Due to this and 

frequent mutations in DNA repair pathways, HGSC is typically the most aggressive form 

of OvCa and contributes to 70-80% of all OvCa deaths (4). On the other hand, LGSC 

distinctly harbor genetic mutations that activate the MAPK pathway, such as BRAF or 

KRAS mutations occurring in 33% and 35% of cases, and PIK3CA mutations occurring in 

40% of tumors (5) but otherwise have more stable genomes and wildtype TP53 (6).
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Figure 1.1. Ovarian cancer histological subtypes 
Image from (7). Main characteristics of the different epithelial OvCa histological 
subtypes with the most common molecular alterations, stage at diagnosis, and prognosis. 
CNV = copy number variations, HGSC = high grade serous carcinomas, LGSC = low 
grade serous carcinomas, HRD = homologous recombination deficiency, mut = 
mutation, STIC = serous tubal intraepithelial carcinoma.  
*if diagnosed at advanced stage it behaves like HGSC.  
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Although both low- and high-grade serous carcinomas are particularly aggressive and have 

baseline chemoresistance, LGSC are much more rare, diagnosed at a younger age, and 

patients experience more indolent disease progression compared to HGSC (5). More 

recently, subclassification of these histological phenotypes using second-line 

immunohistochemical markers (i.e. MMR, ARID1A, CTNNB1) is evolving to allow 

patient stratification and expansion of therapeutic strategies (1).  

 

Other non-epithelial cell types also give rise to more rare subtypes of OvCa, including 

germ-cell tumors, ovarian sex-cord stromal tumors, ovarian carcinosarcomas with mixed 

epithelial and mesenchymal cell types, and small cell carcinomas, which altogether 

comprise of approximately 10% of all OvCa cases (8). These tumors mainly affect 

adolescents and younger women of child-bearing age, and the low prevalence of these 

subtypes contributes to the difficulty of determining molecular profiles and optimal 

treatment strategies in randomized clinical trials (9). 

 

1.2. Epidemiology of Ovarian Cancer 

Incidence. In 2022, there are estimated to be 19,880 new cases and 12,810 deaths 

caused by OvCa in the United States (10). Globally, there were 313,959 new cases and 

207,252 new deaths due to ovarian cancer in 2021 (11). 
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Age. The median age of diagnosis in the United States is 63 (12), with epithelial OvCa 

subtypes affecting mainly post-menopausal women, and germ cell tumors affecting mainly 

younger women (4).  

 

Risk factors. 1.2% of women will be diagnosed with OvCa during their lifetime (12), with 

a 1 in 100 chance of dying from the disease (13). The most significant risk factor for OvCa 

is a family history, particularly with multiple affected relatives or those diagnosed at a 

young age, and with inherited BRCA1 and BRCA2 mutations (14). Germline BRCA1/2 

mutations are estimated to contribute to 10-20% of epithelial OvCa cases overall, and 

typically manifest in HGSC at an earlier age (4). Hormonal and reproductive risk factors 

also have been associated with OvCa diagnosis, particularly according to the proposed 

correlation with higher number of ovulatory cycles allowing increased chance for cellular 

division and spontaneous mutations to occur (14,15). Consistent with this “incessant 

ovulation” theory, early age at menarche and late age of menopause also increases this risk, 

though these studies are more inconsistent. Pregnancy is another factor consistent with this 

theory, resulting in cessation of ovulation and 30-60% decreased risk of OvCa overall. This 

protection with parity is variable amongst histotypes, with 20% lower risk in serous 

subtypes compared to 50-70% lower risk in clear cell and endometrioid subtypes (14). 

Other inflammatory conditions, such as pelvic inflammatory disease, chlamydia 

trachomatic infection, endometriosis, and ovarian cysts also increase the risk of OvCa, 

while tubal ligation, lactation and use of hormone-containing oral contraceptives reduce 

the risk of OvCa (16). 
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Survival. The five-year survival rate for women who are diagnosed in early stages with 

localized disease (stage I) is 93%; unfortunately, this only accounts for 16% of serous 

OvCa (4). Patients diagnosed with regional disease (stage II) have 75% five-year survival, 

while the five-year survival rate dramatically drops to roughly 30% for patients with distant 

metastasis (12). Patients diagnosed at early stages of HGSC have a 10-year survival rate of 

55%, which dramatically decreases to only 15% for patients with advanced-stage HGSC. 

The current 5-year survival rate in the US is 49% (10). The global 5-year survival rate 

ranges from 30-40% and has only incrementally increased since the 1990’s (14).  

 

1.3. Ovarian Cancer Detection and Diagnosis 

Symptoms. OvCa often doesn’t manifest in detectable symptoms during early stages 

of disease, so early diagnosis remains challenging. Symptoms include pain, swelling or 

pressure in the abdomen, bloating, nausea, constipation, diarrhea, acid reflux, fatigue, back 

pain, and increased urinary frequency (4), many of which are associated with other non-

malignant conditions and are often neglected until disease progression worsens. 

 

Screening and Diagnosis. There are currently no documented effective screening methods 

for OvCa (17). Currently, the only two serum biomarkers used in the diagnosis of OvCa 

are cancer antigen 125 (CA125) and human epididymis protein 4 (HE4). Serum CA125 

levels also aid in monitoring patient responses to chemotherapy and potential relapse (18). 

CA125 detection has its limitations, including elevated levels in non-malignant conditions 
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(i.e. endometriosis, pregnancy) or non-OvCa gynecological disease (uterine myomas), or 

non-elevated levels in at least 20% of patients with OvCa (18). Multi-omics approaches to 

understand molecular details of disease progression are emerging to provide additional 

potential diagnostic and prognostic biomarkers with better sensitivity. Interestingly, a 

multi-marker test for differentially expressed serotransferrin, amyloid A1 protein (AA1), 

hemopexin (Hpx),  C-reactive protein (CRP), and albumin proteins in OvCa has been used 

for patient screening and detection (19). Other methods to confirm OvCa diagnosis include 

pelvic exam with papsmear, pelvic or transvaginal ultrasound followed by PET scan or 

MRI, as well as diagnostic laparoscopic surgery to retrieve biopsies followed by 

pathological examination (20). 

 

Staging and grading. According to the most recent SEER statistics, 16% of OvCa cases 

are diagnosed at stage I, where tumors are confined to the primary site. 21% of cases are 

diagnosed with tumor spread to regional lymph nodes, and 57% of cases detect distant 

metastasis (21). Most recent surgical staging uses classifications outlined by the 

International Federation of Gynecology and Obstetrics (FIGO) and American Joint 

Committee on Cancer (AJCC) effective as of 2018. Stage I generally consists of tumors 

limited to the ovaries or fallopian tubes without spread to the nearby lymph nodes or distant 

sites. Stage IA specifically is on the inside of one ovary or fallopian tube, IB is on both 

ovaries or fallopian tubes but still inside, and neither IA or IB contains any tumor cells in 

the ascites fluid or abdominal and pelvic washes. Stage IC also consists of either tumors 

on both ovaries or fallopian tubes along with surgical spill of tumor cells upon breakage of 
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the tumor capsule (IC1),  tumors on the outside surfaces (IC2), or tumor cells found in the 

ascites fluid or pelvic/abdominal washes (IC3). Stage II generally occurs with tumors 

located on one or both ovaries or fallopian tubes with pelvic extension, such as lesions on 

the uterus or other pelvic intraperitoneal tissues; IIA includes more localized invasion to 

the uterus, ovary, or fallopian tube, and IIB includes tumor invasions to nearby pelvic 

organs. Stage III is diagnosed with tumors on one or both ovaries or fallopian tubes, with 

cytologically or histologically confirmed spread outside of the peritoneal cavity and/or 

spread to retroperitoneal lymph nodes. IIIA1 is only spread to pelvic organs and 

retroperitoneal lymph nodes; IIIA2 is diagnosed after pathological examination by small 

lesions on the abdominal lining that were not visible during surgery. Stage IIIB includes 

tumor spread outside of the pelvis that are smaller than 2cm, while stage IIIC consists of 

larger tumors outside the pelvis (>2cm), some on the surface of the liver or spleen. Lastly, 

Stage IV consists of tumors that have metastasized to distant, extra-abdominal organs; IVA 

includes the presence of tumor cells in malignant pleural effusion, while IVB extends to 

tumor metastases present on the inside of the spleen or liver, outside lymph nodes, lungs, 

or bones (17,22,23). Of note, tumor spread outside of the primary tumor site and peritoneal 

dissemination that occurs after stage I is not classified as metastasis until stage IV with 

tumor cells that have escaped the abdominal cavity, which is unique compared to other 

solid tumors that undergo hematogenous metastasis from the primary site. Grading number, 

only given in the cases that are not HGSC or LGSC, generally describe aggressiveness of 

the diagnosed tumor. Grade 1 tumors are well differentiated, grade 2 are moderately 
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differentiated, while grade 3 are poorly differentiated with increased likelihood of 

metastasis or recurrence (24). 

 

1.4. Ovarian Cancer Tumorigenesis 

Sites of origin. LGSCs have been demonstrated to arise from pre-existing, well-

established precancerous lesions including serous cystadenomas or serous borderline 

tumors (4). Endometrioid and clear cell carcinomas have also been suggested to arise from 

atypical proliferative lesions, or cysts often associated with endometriosis (6). Since similar 

precancerous lesions were not found in the ovarian surface epithelium for HGSC, this 

subtype was initially thought to occur spontaneously or de novo. Recent research over the 

past 10-20 years has led to a paradigm shift, demonstrating the origin of HGSC in the 

surface epithelium of the fallopian tube (25). Several patients displayed an early form of 

serous carcinoma in the mucosal surface of the fimbria, also termed serous tubular 

intraepithelial lesions (STILs) or serous tubular intraepithelial carcinomas (STICs), which 

had the histologic appearance of pre-invasive HGSC and a similar p53 signature (25).  

Moreover, 50-60% of patients with sporadic HGSC also harbored STICs  (6). Further 

studies supported the idea of a step-wise acquisition of mutations to allow these lesions to 

progress along the spectrum towards HGSC (25).  

 

Driver mutations. Mutations in TP53, virtually ubiquitous in HGSC, are also prevalently 

found in precancerous lesions that give rise to HGSC. Women with concomitant ovarian 

HGSC and STICs were reported to harbor identical TP53 mutations in both types of 
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lesions, altogether suggesting these mutations may occur early on in tumor progression and 

contribute to tumorigenesis (4,6). A genetically engineered mouse model with 

simultaneous mutations in BRCA1/2, TP53, and PTEN accurately represented HGSC 

transformation and disease progression and did not develop HGSC after salpingectomies, 

providing additional evidence for these driver mutations and fallopian tubal origin for 

HGSC (26). Similarly, since mutations in KRAS, BRAF, and ERBB2 are detected in two-

thirds of LGSCs and are also detected in benign cystadenoma lesions prior to malignancy, 

these mutations are thought to be important for initiation of LGSC tumorigenesis (6). 

Endometriotic cysts have been shown to harbor mutations in ARID1A and PTEN, 

suggesting a role for these as driver mutations in endometrioid and clear cell carcinomas 

(6). Since there is now a better understanding of differences in sites of origin and 

tumorigenic pathways giving rise to vastly different histologic subtypes, there is a crucial 

need to translate this knowledge into better strategies for prevention, early detection and 

diagnosis, and effective targeted treatment strategies. 

 

1.5. Ovarian Cancer Dissemination and Metastasis 

1.5.1. Passive Shedding of Primary Tumor Cells 

OvCa metastasis is unique compared to other solid tumors, which spread primarily 

through hematogenous or lymphatic routes (27). Predominantly, primary tumors on the 

surface epithelium of the fallopian tube or ovary are passively shed directly into the 

peritoneal cavity either as single cells or multicellular aggregates or spheroids. Cells do not 

have to acquire a series of molecular and cellular changes to detach from primary tumors, 
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intravasate, survive in the lymph or vascular system, and extravasate into secondary sites 

like in classic modes of metastasis, and can simply overcome cellular adhesion and resist 

anoikis for early steps of dissemination (28). Before exfoliation of tumor cells into the 

peritoneal cavity, tumor cells must first lose cell-cell contacts between each other and with 

the basement membrane (29). OvCa cells, like many tumor types, can undergo epithelial-

to-mesenchymal transition (EMT) by downregulation of E-cadherin, an important member 

of adherens junctions that functions to regulate cell-cell interactions and maintain epithelial 

barrier integrity membrane (30). EMT-associated transcription factors such as 

ZEB1/ZEB2, Snail and Slug have been shown to downregulate E-cadherin and be 

associated with aggressive OvCa (29,31). Some studies have correlated E-cadherin 

decrease with upregulation of ɑ5-integrin, which facilitates interactions with fibronectin 

receptor on the surface of mesothelial cells lining the omentum and peritoneum (32). 

Although the “cadherin switch” phenomenon is common during malignant transformation 

of other tumor types, the relationship between E-cadherin, EMT, and OvCa transformation 

and tumor progression remains controversial, and cells are thought to exhibit more 

phenotypic plasticity or transient EMT processes in OvCa (33,34). Detailed studies of 

OvCa tumor cell shedding have yet to be conducted to fully understand the process of 

passive exfoliation, most likely due to lack of in vivo models demonstrating these early 

steps of OvCa dissemination. 
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1.5.2. Anoikis Resistance 

Upon detachment from substratum or the basement membrane, normal epithelial 

cells tend to undergo anoikis, a form of regulated cell death activated to clear detached 

cells and restore tissue homeostasis (35). Thus, OvCa cells must overcome anoikis once 

shed from the surface epithelium of the ovary or fallopian tube to survive as floating cells 

or spheroids in the ascites microenvironment until they reach anchorage to the 

mesothelium. Anoikis resistance has been demonstrated to be a key factor in determining 

OvCa patient disease progression and prognosis (36). There are a few key players that have 

been correlated with regulation of OvCa anoikis resistance. VEGF-A and its receptor 

VEGFR have been shown to promote anoikis resistance, and treatment of OvCa cells with 

VEGF-A neutralizing antibodies or VEGFR receptor inhibitors induced anoikis (37). On 

the other hand, ANGPTL2 expression has been demonstrated to suppress anoikis 

resistance, possibly via downregulation of pro-survival protein Bcl-2, and thus repress 

peritoneal metastasis in OvCa (38). Activation of several integrins (e.g. ɑ5β1, ɑ6β4, and 

ɑvβ3) which promote cellular aggregation of tumor cells in suspension, and downstream 

activation of integrin-associated signaling pathways (including focal adhesion FAK, Src 

kinases, PI3K/Akt, and mitogen-activated protein kinases (MAPK)), have also been shown 

to allow cells to avoid anoikis (39). Some OvCa cells develop mechanisms to overexpress 

extracellular matrix proteins (i.e. COL4A2) in order to maintain crucial crosstalk with the 

ECM and promote pro-survival signaling, even in the absence of contact with the basement 

membrane (40). Since OvCa uniquely rely heavily on anoikis resistance during passive 

dissemination compared to other solid tumors, a thorough understanding of molecular 
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mechanisms involved in this process is crucial to develop targeting strategies to increase 

anchorage dependence of floating cells, reverse pro-survival signaling, and promote tumor 

cell-death. 

 

1.5.3. Malignant Ascites 

Accumulated tumor cells and spheroids in the peritoneal cavity enter a unique 

ascites microenvironment composed of cellular and soluble factors that contribute to 

disease progression and cellular heterogeneity (41). Aside from malignant tumor cells, the 

stromal cells that inhabit the ascites fluid include fibroblasts, endothelial cells, mesothelial 

cells, adipocytes, bone marrow-derived stem cells, and immune cells (42). Cancer-

associated fibroblasts (CAF) and peritoneal mesothelial cells promote malignant processes 

(i.e. proliferation, migration, invasion, chemoresistance) by secreting factors that act 

through autocrine and paracrine loops (42). Soluble factors present in the ascites fluid 

include cytokines (mainly IL-6, IL-8, and IL-10 (43)), growth factors (VEGF, PDGF), 

proteins (mesothelin), metabolites (fatty acids, cholesterol, ceramide, gluocose-1-

phosphate), cell-free DNA, and extracellular vesicles (containing miRNAs and CA125), 

all of which tumor cells and stromal cells exchange to communicate tumorigenic signaling 

and alter cellular behavior (42). Fluid buildup is attributed to, among other things, VEGF-

driven increased capillary permeability or compromised lymphatic drainage in the 

abdomen due to blockages by tumor cells (44). Malignant cells in suspension follow the 

dynamics of peritoneal fluid to facilitate spread and seeding of tumor lesions throughout 

the peritoneal cavity. This process results in peritoneal carcinomatosis, a more widespread 
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and diffuse form of transcoelomic metastasis that complicates complete surgical 

resectability (45).  

 

Ascites fluid development has been suggested to be an independent prognostic factor for 

time to relapse and has been found to correlate with increased disease stage, decreased 

survival, and degree of tumor metastasis (46). Over one-third of OvCa patients develop 

ascites fluid during their disease progression regardless of tumor histotype, and ascites fluid 

is present in over 90% of patients diagnosed with stage III or stage IV OvCa (44). 

Reduction in tumor burden after first-line debulking surgery and chemotherapy has been 

associated with reduced ascites volume, but recurrent disease almost always is associated 

with ascites fluid (47). Since substantial volumes of ascites accumulation can cause 

discomfort, pain, and effects on the respiratory, gastrointestinal and urinary systems, 

majority of patients undergo repeated paracentesis to drain ascites and provide temporary 

relief (47). The abundant and representative nature of ascites fluid to disseminated OvCa 

provides a valuable tool to develop further insight into how ascites factors promote tumor 

survival and enhance metastasis and how accurately its development can predict disease 

recurrence. 

 

1.5.4. Spheroids  

Spheroids have been demonstrated to play a major role in OvCa dissemination, 

recurrence, and chemoresistance (48). Disseminated tumor spheroids adhere to the 

mesothelial cell monolayer that lines the peritoneal cavity, where they can mediate 



 
 
 
 

14 
 

mesothelial cell retraction and clearance, disaggregate, migrate, invade through the 

mesothelial lining and collagen-laden sub-mesothelial matrix, and finally proliferate and 

form secondary metastatic lesions (49-52). Given this crucial role, there is a need to 

understand spheroid morphology and properties during OvCa dissemination.  

 

Heterogeneity. Isolation of patient-derived spheroids from malignant ascites fluid reveals 

high variability in number, size, morphology, integrity, and metastatic capabilities (53), 

suggesting a heterogenous population. Some studies demonstrate that collective 

detachment of OvCa spheroids from the primary tumor preserves intratumoral 

heterogeneity and provides a proliferative advantage to spheroids upon attachment and 

development of secondary metastases (54). These inherently heterogenous disseminated 

spheroids can maintain phenotypic plasticity between epithelial and mesenchymal 

phenotypes, or an intermediate hybrid phenotype (54,55). Epithelial-type spheroids 

efficiently detach from primary sites and have an initial survival advantage, while 

mesenchymal-type spheroids are more likely to mediate mesothelial cell-clearance and 

invasion into sub-mesothelial matrix (56), promoting further steps in OvCa metastasis. It 

is unclear whether spheroid formation predominantly occurs by collective shedding from 

the primary tumor as cell aggregates or aggregation into spheroids by tumor cells post-

shedding into the ascites microenvironment (29). 

 

Spheroid adhesion and morphology. Integrins and their ECM ligands have been shown to 

aid adhesion of cells within spheroids, as well as adhesion to the mesothelial cell surface 



 
 
 
 

15 
 

during dissemination. Interactions between ɑ5β1-integrin and fibronectin, ɑ6β1 integrin 

and laminin, and ɑ2β1 integrin and type IV collagen, are a few that aid spheroid formation 

and adhesion to peritoneal sites (29).  

 

Cadherin profiles have also been shown to mediate cell-cell adhesion by maintaining cell-

cell junctions. OvCa spheroids exhibit significant cadherin heterogeneity, and those that 

form with a hybrid or intermediate cadherin phenotype (with both E- and N-cadherin 

expression) may be more successful in seeding and propagating metastatic units (57). E-

cadherin expression in spheroids may promote early post-shedding behaviors of anoikis 

resistance and chemoresistance while floating in the ascites fluid, while acquisition of N-

cadherin leads to a more aggressive metastatic phenotype and could be more advantageous 

for spheroids at secondary sites (57), so maintenance of plasticity between these cadherins 

would promote the most successful disseminated spheroids. Homotypic interactions 

between two E-cadherin molecules have been shown to be stronger than those between N-

cadherin (58), thus creating enhanced cell-cell adhesion in E-cadherin expressing spheroids 

and conversely more loosely attached and easily disseminated N-cadherin expressing 

spheroids. Other studies suggest an opposing role, that E-cadherin accumulation on the cell 

surface disrupts compact spheroid formation, and loosely aggregated spheroid 

morphologies were associated with upregulation of E-cadherin expression (59). Some 

studies also demonstrate the additional involvement of the intermediate filament protein 

vimentin (48), while some point to the role of another adherens junction protein P-cadherin 

in promoting tumor cell aggregation (60), altogether suggesting a complex and detailed 
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mechanism of spheroid compaction and formation during dissemination that remains 

incomplete and controversial (59). 

 

Stemness and chemoresistance. OvCa spheroids also preserve stem-like characteristics, 

and some recent studies focus on propagation of single-cell derived stemness enriched 

homogenous populations of metastatic OvCa (61). Maintenance of stem-like properties 

allow spheroids to facilitate anchorage-independent growth in the ascites fluid and disease 

recurrence. OvCa ascites fluid from patients has been shown to contain stem-like cells, and 

a higher proportion was isolated from patients with recurrent disease post-chemotherapy 

(47). OvCa stem-like cells express Oct4, Nestin, and c-kit/CD117, as well as the common 

stemness markers CD44, CD24, and ALDH (29,62). OvCa stem cells comprise only a 

small percentage of cells collected from patient ascites at initial diagnosis, but further 

investigation should focus on recurrent specimens that repopulate the tumor after first-line 

treatment and may contain a higher proportion of stem-like cells (62). Disseminated OvCa 

spheroids have also been postulated to confer chemoresistance (48), due to several factors 

including restricted access and drug penetrance by tumor cell aggregation, quiescent tumor 

cells in the hypoxic core of larger spheroids which render classic anti-proliferative 

chemotherapeutics ineffective, induction of cellular efflux pumps, and aberrant activation 

of pro-survival signaling pathways (47,48,63). 

 

3D Modeling. Standard two-dimensional (2D) modeling of in vitro cell culture has been 

shown to lack information about unique three-dimensional (3D) cell-cell interactions 
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exhibited by OvCa spheroids, and is misleading in terms of studying drug responses, thus 

leading to a shift in focus of recent studies to 3D modeling systems to better represent the 

heterogenous structure of OvCa spheroids in the ascites microenvironment. Several 

advances in 3D modelling systems have been made in recent years, including liquid overlay 

techniques to generate heterogenous spheroids, hanging-drop cultures to form homogenous 

aggregates in a “low stiffness” model, natural and synthetic scaffold-based hydrogel molds 

to recreate physical and mechanical microenvironments, and co-culture models, all of 

which demonstrate accurate representations of OvCa spheroids leading to novel findings 

about spheroid properties and drug responses (8). Most recently, patient-derived organoids 

are becoming powerful pre-clinical tools for personalized medicine approaches to OvCa 

therapies, but concerns about selection of patient tumors not representing true tumor 

heterogeneity complicate these studies (8). Ex situ or in vivo validation of spheroid 

properties established under in vitro studies, combined with unbiased genetic and 

phenotypic profiling have been proposed to determine novel mechanisms that are 

representative of disseminated spheroids and develop therapeutic targets for this essential 

component and driver of OvCa dissemination (48).  

 

1.5.5. OvCa Tumor Microenvironment 

Numerous studies have confirmed that Stephen Paget’s “seed and soil” theory (64) 

of metastasis is applicable to OvCa; the “soil” in this tumor context is the mesothelial 

covering of peritoneal organs, including the omentum, bowel serosa and diaphragm (29). 

The mesothelium consists of a single layer of tightly joined mesothelial cells attached to 
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sub-mesothelial matrix composed of type I and IV collagen, fibronectin, and laminin that 

form a protective barrier and provide lubrication for normal coelomic movement (32). 

Initial adhesion of tumor cells to the mesothelium involves integrins, vascular adhesion 

molecule-1 (VCAM-1), CD44, and MMP-2, which cleaves ECM proteins on the 

mesothelium to allow stronger interactions with tumor-associated integrins (29). After 

initial adhesion, OvCa cells forcibly push apart the protective mesothelial monolayer to 

continue invasion and enhance tumor growth (65,66). 3D organotypic models of 

mesothelium have been utilized to study seeding of the omentum and interactions of OvCa 

tumors with the peritoneal microenvironment (8,67). More recent studies postulate that the 

dissemination of OvCa into the peritoneal cavity disrupts homeostasis and alters the host 

environment to become more favorable, including the induction of OvCa-associated 

mesothelial cells that gain mesenchymal features and orchestrate dissemination (68). A 

better understanding of this transdifferentiation process can elucidate potential therapeutic 

targets to reduce peritoneal metastasis and extend patient survival. 

 

1.5.6. Secondary Metastatic Sites  

OvCa tumors primarily and easily invade or encompass the sigmoid colon as well 

as the omentum, a fat pad covering the bowel and abdominal cavity, which when encased 

by tumor causes discomfort and pain (29). Both organs, in addition to reproductive organs 

which encompass the primary tumors, are generally resected during cytoreductive surgery. 

OvCa tumors rarely invade deeper into secondary organs, but these can include the small 

intestine, retroperitoneal lymph nodes, liver and lung (29,69). These sites of distant 
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metastases affect overall patient survival; patients with lung metastases have the worst 

overall survival and patients with distant lymph node metastases have the best overall 

survival (70). Studies comparing primary and advanced metastatic tumors demonstrate that 

the tumors are genetically similar, indicating a clonal expansion, and could be attributed to 

the relatively simple and passive mode of metastasis that doesn’t require many genetic or 

molecular alterations (29). 

 

1.6. Treatments for Ovarian Cancer 

First-line treatments: 

1.6.1. Debulking Cytoreductive Surgery 

Due to late diagnosis and lack of early screening options, cytoreductive debulking 

surgery is a common procedure for patients who present with advanced disease. Surgery 

can be the exclusive and curative treatment for patients diagnosed with stage I disease 

confined to the ovaries or fallopian tube (20). Patients with optimal fitness upon diagnosis 

with stage III or stage IV disease will undergo a primary laparotomy to determine disease 

staging and prognosis. During primary surgery, ascites fluid is also removed, with complete 

hysterectomy, bilateral salpingo-oopherectomy to remove fallopian tubes and ovaries, 

omentectomy, and cytoreduction of any primary tumors, including resection of the bowel 

or other invaded organs (17). Optimal cytoreduction is defined as less than 1cm of residual 

tumor remaining after surgery, which correlates with better survival rates (71). The benefits 

of conducting aggressive surgical  disease management include optimal chemotherapy 

response with minimal disease burden, decreased tumor-related symptoms (abdominal 
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pain, gastrointestinal symptoms) improves quality of life, and restoration of immune 

response by removing tumors that produce immune-evading signaling molecules  (72). 

 

1.6.2. Adjuvant Combination Chemotherapy  

Adjuvant chemotherapy following primary cytoreductive surgery remains the 

standard treatment for OvCa, consisting of combining platinum- and taxane-based 

compounds (73). This first-line strategy has remained in place since the 1980s-1990s. 

Carboplatin, preferred over cisplatin due to decreased toxic side-effects, is an alkylating 

agent that forms crosslinks in DNA by insertion of platinum, preventing proper cell 

division and inducing apoptosis. Median survival time of patients who relapse within 6 

months of platinum treatment is less than a year (74). Platinum-resistant patients are treated 

with paclitaxel, a cell-cycle specific agent that binds and stabilizes β-tubulin to trigger cell 

cycle arrest and apoptosis. Docetaxel is an alternative option for patients who have allergic 

reactions or sensory neuropathy in response to paclitaxel as it is less toxic but has similar 

efficacy (17). Current standard chemotherapy for advanced OvCa is six cycles of 

carboplatin and paclitaxel in three-week cycles (75).  

 

1.6.3. Emerging Primary Treatment Strategies 

Primarily patients who have confirmed malignancies and are not good candidates 

for surgery will undergo interval debulking with 3-4 cycles of neoadjuvant chemotherapy 

(17), which has resulted in equivalent survival rates with less morbidity and complications 

than primary debulking surgery (76). If tumors are responsive, this regimen is usually 
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followed by six additional cycles of adjuvant chemotherapy (77).  The success of this 

strategy is controversial and study designs thus far have key inconsistencies (i.e. patient 

prognosis, resection rates, and duration of operation time), but it remains a reasonable 

option for fragile patients (75).  

 

Intraperitoneal (IP) chemotherapy involves direct injection of chemotherapeutic agents 

into the peritoneal cavity through a catheter, generally at a higher dose. IP chemotherapy 

is emerging as a potentially effective strategy at improving patient survival and tolerability 

in the past decade compared to systemic chemotherapy (73). Studies report improved 

chemotherapy absorption and sensitivity of cancer cells, longer persistence in the 

peritoneal cavity, and possibility of higher, more effective doses with spatially limited 

toxicity (78).  Despite associations with improved progression-free survival and overall 

survival with optimally debulked OvCa, concerns remain about increased local off-target 

toxicity and catheter-related infections (17). Intraoperative hyperthermic chemotherapy 

(HIPEC), consists of abdominal lavage with chemotherapy for 1 hour at 40oC immediately 

after optimal tumor resection, with the idea of increased chemotherapy penetration and 

additive cytotoxicity with hyperthermia (75). Both methods, although proving to be 

effective, remain controversial and patient-dependent, and are currently only offered to 

patients in clinical trials (78). 
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1.6.4. Chemo-resistance  

Rapid tumor recurrence even after nearly complete remission with first line 

chemotherapy and surgery is observed in nearly 80% of OvCa patients, with a median 

progression-free survival of 12-18 months and 48% five-year survival (79). Mechanisms 

that contribute to carboplatin and paclitaxel resistance include deregulation of membrane 

transporters, altered drug metabolism drug inactivation, and upregulation of pro-survival 

pathways to resist cell-death (73,80). Drug inactivation occurs upon metabolism of the 

drug, reducing cellular damage, and generally involves TP53. Mutant TP53 prevents its 

role in cell cycle arrest, apoptosis, and DNA repair, promoting drug resistance (77). 

 

Detailed mechanisms of OvCa chemoresistance are incompletely understood, but further 

investigation can lead to identifying molecular targets or biomarkers to develop effective 

therapies against drug resistant OvCa. Over 25 oncogenes have been associated with 

chemoresistance in OvCa, including KRAS, ERBB2, PIK3CA, AKT, through aberrant 

regulation of signaling pathways involving growth factor receptors, transcription factors, 

cell cycle regulators, and apoptosis/autophagy regulators (80). The phosphoinositide 3-

kinase (PI3K)/AKT/mechanistic target of rapamycin (mTOR) pathway is the most 

frequently altered signaling pathway and has been implicated in chemoresistance. Other 

pro-survival pathways that contribute to OvCa chemoresistance include the Wnt/B-catenin 

pathway (81), NF-κB pathway (82)), MAPK pathways (83), as well as Jak/STAT pathway, 

which is constitutively active in OvCa, and promotes chemoresistance by maintaining 

cancer stem-cell populations (84). 
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Repopulation of OvCa by the small population of stem-like cells or unresected 

disseminated tumor cells can also contribute to chemoresistance and relapse of aggressive 

disease. Gemcitabine, an anti-metabolite that inhibits DNA synthesis, is now an approved 

treatment for early relapse due to demonstrated synergy with platinum-based therapies 

(73). Stromal cells can also contribute to chemoresistance by secreting soluble factors such 

as cytokines to activate pro-survival signaling pathways and enhancing drug efflux to 

increase turnover (85,86).  

 

1.7. Targeted Therapies 

High prevalence of chemoresistance and low survival rates have necessitated 

decades of research investigating targeted therapy for OvCa patients. Targeted therapies, 

which include anti-angiogenic agents, PARP inhibitors, and immune therapies, often aim 

towards mitigating oncogenic and chemoresistance mechanisms to induce cell death. 

Although current targeted therapies have shown limited success, ongoing investigations to 

increase efficacy are aimed at incorporating combinations of targeted agents, identifying 

biomarkers that correlate to treatment response for personalized medicine, and 

consideration of tumor microenvironmental factors that can contribute to disease severity 

and chemoresistance (83). 
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1.7.1. Anti-angiogenic Agents 

Enhanced angiogenesis is a hallmark of advanced OvCa, with VEGF-A and 

increased VEGF signaling playing a crucial role in malignant ascites development and 

tumor progression (87). The goal with anti-angiogenic agents is to reduce the number of 

blood vessels to support tumor growth, increase tumor hypoxia, and decrease vascular 

permeability that drives ascites development (20). Bevacizumab, a monoclonal antibody 

against VEGF-A, was the first targeted therapy to be FDA-approved as a first-line 

treatment for OvCa in combination with carboplatin and paclitaxel for primary and 

relapsed advanced-stage OvCa (73). A meta-analysis of seven clinical studies concluded 

that bevacizumab treatment increased progression-free survival in primary advanced 

disease and recurrent OvCa, but benefits to overall survival only applied to recurrent 

patients (88). 

 

1.7.2. PARP Inhibitors  

Poly adenosine diphosphate-ribose polymerases (PARP) are key players in DNA 

repair. PARP inhibitors inactivate their enzymatic activity and stabilize and trap PARP on 

single-strand breaks, preventing DNA repair and inducing cell death. OvCa patients with 

BRCA1/2 mutations, present in one-third of HGSC, are deficient in homologous 

recombination, making them dependent on other, less accurate DNA repair pathways and 

susceptible to cell death upon PARP inhibition. Treatment with PARP inhibitors has led to 

significant improvements in maintenance therapy for advanced OvCa patients, making 

BRCA1/2 mutations the first genotypic predictive biomarkers in OvCa for patient 



 
 
 
 

25 
 

prognosis (89). Olaparib (Lynparza) is an FDA-approved first-line maintenance therapy 

for patients who exhibit partial or complete response to chemotherapy and have BRCA1/2 

mutations (90). Rucaparib (Rubraca) is also FDA-approved for relapsed OvCa patients 

with BRCA1/2 mutations who have already received 2 forms of chemotherapy. Recent 

clinical trials show enhanced progression-free survival compared to carboplatin/paclitaxel 

alone (73). Niraparib has been FDA-approved as a first-line maintenance monotherapy for 

patients regardless of biomarker or mutation status (91). Although many clinical trials with 

PARP inhibitors show significantly enhanced progression-free survival, overall survival 

shows no indication of improvement. Adverse effects are also prevalent with PARP 

inhibitor treatment, although most are low-grade and do not affect treatment tolerability or 

quality of life (91). Ongoing studies are investigating combination treatment of PARP 

inhibitors with other drugs (92).  

 

1.7.3. Immune Therapies 

Mechanisms to promote immune cell activity involve targeting of checkpoint 

inhibitors, include surface proteins cytotoxic T-lymphocyte-associated protein 4 (CTLA4), 

programmed cell death protein 1 (PD-1), and its ligand PD-L1, which are used by tumor 

cells to prevent autoimmunity (93). Although some immune checkpoint inhibitors have 

shown great success in other tumor types, treatment of platinum resistant OvCa has 

generally resulted in disappointingly low response rates. Clinical trials with anti-PD-1 

antibody pembrolizumab and anti-PD-L1 antibody avelumab resulted in overall response 

rate of only 8% and 10%, respectively. Early studies have observed better response rates 
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with combination treatments, i.e. with the multityrosine kinase inhibitor lenvatinib, but the 

challenge remains to identify the subset of patients that will benefit from this strategy (17). 

Clinical trials evaluating the combination of immune-checkpoint inhibitors with PARP 

inhibitors showed some favorable responses, and combination with anti-angiogenic agents 

in OvCa are underway (20). 

 

1.8. Membrane-anchored Serine Proteases (MASPs) 

1.8.1. MASP Family 

Proteases constitute approximately 2% of the human proteome and are critically 

important for numerous biological processes such as blood coagulation, cell death, tissue 

morphogenesis, inflammation, and wound healing by mediating many cellular functions 

including protein degradation, enzymatic activation, and induction of cellular signaling 

(reviewed in (94)). Serine proteases, one of the largest families of proteolytic enzymes, are 

defined by the classical serine, histidine, and aspartate amino acid residues which form 

their catalytic triad to mediate the process of peptide hydrolysis. The S1A subfamily of 

serine proteases are the most widely studied group of serine proteases, and in recent years, 

a unique sub-group of S1A serine proteases directly anchored to the cell surface has been 

identified. Membrane-anchored serine proteases (MASPs), a family of 20 human proteases 

and 22 mouse proteases, are classified into 3 sub-groups based on their cell-surface anchor, 

either a C-terminal glycosylphosphatidylinositol (GPI) linkage (GPI-anchored), a C-

terminal transmembrane domain (Type I), or an N-terminal transmembrane domain (Type 

II) (Fig. 1.2). In addition to the extracellular serine protease domain which mediates  
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Figure 1.2. Membrane-anchored serine proteases 
Image adapted from (95). Domain structures and family classifications of MASPs. Type 
II transmembrane proteases (TTSPs) can be further divided into HAT/DESC, 
Hepsin/TMPRSS, Matriptase and Corin subfamilies and most contain several stem 
domains along with conserved serine protease domain. AsP (adrenal secretory serine 
protease) is another form of HAT that contains an N-terminal signal peptide instead of a 
transmembrane domain and SEA domain. MSPS (mosaic serine protease short-form) is 
an alternatively spliced form of MSPL/TMPRSS13. 
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catalytic activity, the type II transmembrane serine proteases (TTSPs), possess a stem 

region composed of various combinations of different accessory domains localized 

adjacent to the cell surface and C-terminal to the serine protease domain, which confer 

properties including protein-protein interactions, substrate specificity, and protein 

trafficking to the cell surface. 

 

1.8.2. Matriptase 

Structure. Matriptase is the most well characterized MASP and is widely expressed 

in all epithelia (96,97). Along with its type II single pass transmembrane domain orienting 

its N-terminal cytoplasmic tail and C-terminal catalytic domain to the pericellular surface, 

the extracellular stem region of matriptase contains one sea urchin sperm protein, 

enteropeptidase, and agrin (SEA) domain, 2 complement C1R/s urchin embryonic growth 

factor and bone morphogenic protein-1 (CUB) domains, and 4 low density lipoprotein 

receptor class a (LDLRA) domains. The function of these domains is currently unknown, 

but several have been shown to be important for protein-protein interactions and efficient 

matriptase activity. Post-translational modifications of the SEA and CUB domains and 

intact LDLRA domains are important for efficient matriptase activation and interactions 

with the Kunitz domains of endogenous inhibitors (98).  

 

Zymogen activation. Matriptase is expressed as a single-chain proteolytically inactive 

precursor, or zymogen, and undergoes two sequential proteolytic cleavage events. First, 

autocatalytic processing at Gly-149 in the SEA domain occurs, and strong non-covalent 

interactions in the SEA domain keep matriptase attached to the cell surface. The second 
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“classical” pro-enzyme cleavage event occurs and at a highly conserved R644↓VVGG 

activation motif by other serine proteases or autoactivation upon interactions between two 

matriptase zymogen molecules. Several studies suggest that zymogen forms of matriptase 

contain low levels of proteolytic activity that are sufficient for several biological functions 

(99,100). Autoactivation is also regulated by domains within the stem region (LDLRA 

repeats), glycosylation, and cellular localization (101). 

 

Matriptase activity has also been linked to another MASP family member, GPI-anchored 

prostasin, which is also expressed in most epithelial tissues and is essential for epithelial 

development and homeostasis (102). Prostasin is also expressed as an inactive zymogen, 

which does not show enzymatic activity or autoactivation, and is also tightly regulated by 

HAI-1 and HA1-2. Studies reveal a complex relationship between matriptase and prostasin, 

and results from recent investigations using cell-based systems, several matriptase and 

prostasin mutants, and transgenic mice demonstrate a reciprocal zymogen activation 

complex in which matriptase activation is induced by prostasin zymogen, and matriptase 

zymogen can activate prostasin (103). These studies suggest that both matriptase and 

prostasin zymogens may act as cofactors that can induce the activation of each other, by a 

mechanism that is independent of catalytic activity (104-107). 

 

Regulation by HAI-1 and HAI-2. Hepatocyte growth factor activator inhibitor type 1 (HAI-

1/SPINT1) and type 2 (HAI-2/SPINT2) are type I transmembrane serine protease inhibitors 

that regulate HGF-A and cell surface TTSPs. HAI-1 and HAI-2 have been shown to be 
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important for both intracellular transport and cell surface localization of matriptase, 

although the type of HAI required is cell type dependent (108). Newly synthesized 

matriptase without HAI-1 or HAI-2 is only detected at very low levels compared to high 

levels of matriptase co-expressed with HAI-1/-2, suggesting that stability of matriptase is 

enhanced in the presence of these chaperones/inhibitors (109). Extracellular shedding of 

matriptase also occurs, and original isolation of matriptase from human milk and 

conditioned media was in complex with HAI-1 (101). Matriptase inactivation by HAI-1 

occurs almost simultaneously after activation cleavage, resulting in a very short half-life 

of free active matriptase, presumably to tightly regulate its potentially harmful proteolytic 

activity (110,111). Studies using genetically engineered mice reveal differential roles of 

HAI-1 and HAI-2 in regulation of matriptase. Loss of matriptase suppression by HAI-1 

deficiency resulted in defective placenta development, epithelial barrier function and 

integrity, and control of inflammation, which were negated by simultaneous matriptase 

deletion (112-114), suggesting its primary role in regulation of matriptase activity. 

Ablation of HAI-2 resulted in loss of matriptase in small and large intestine, while ablation 

of HAI-1 had no effect. Loss of HAI-2 regulation of prostasin led to accelerated matriptase 

activation and shedding, revealing the role of HAI-2 in regulating prostasin-dependent 

matriptase zymogen activation (115).   

 

Function. Matriptase (ST14) is widely but not ubiquitously expressed in several human 

epithelial tissues and has been shown to be critical for epithelial barrier function using 

mouse models of matriptase deficiency (99,116,117).  
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Matriptase is primarily expressed in the upper layers of murine epidermis, with decreasing 

expression in more differentiated keratinocytes in human skin (118,119). Initial studies 

revealed that matriptase null mice do not survive post-birth due to dysfunctional epidermal 

barrier function and impaired hair follicle development leading to severe dehydration, 

suggesting a crucial role for matriptase function in the skin epithelium (120). Matriptase 

may also play a protective role during recovery from epidermal insults (121-123). The 

matriptase-prostasin cascade is crucial in normal skin epithelium, as prostasin is 

constitutively active under normal conditions in the human skin (124,125). Matriptase-

dependent prostasin cleavage and activation of the epithelial sodium channel (ENaC) 

allows sodium influx, calcium entry, and activation of several downstream effects 

including profilaggrin processing, activation of KLK cascades, and  formation of proper 

lipid lamellae, all of which maintain epidermal barrier integrity (126).  

 

In the polarized epithelium of the gastrointestinal tract where matriptase localizes apical 

junction complexes (127), matriptase is critically protective and regulates intestinal 

epithelial barrier function (99,117,127-130). Conditional matriptase deficiency in the 

murine gastrointestinal tract results in diarrhea, inflammation, and disruption of colonic 

architecture leading to loss of mucosal barrier function (131), indicating the role for 

constitutive matriptase expression for intestinal barrier integrity. Matriptase has also been 

reported to induce an intracellular atypical protein kinase C signaling pathway that 

regulates the composition of the apical tight junctions (127). In the intestine and in contrast 
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to the skin, prostasin appears to act upstream of matriptase and is important for inducing 

its activation in intestinal epithelium (132).  

 

Dysregulation of Matriptase in Disease. In humans, mutations resulting in dysfunctional 

matriptase enzymatic activity present with a rare form of skin disease ichthyosis-

hypotrichosis syndrome (133), which is characterized by scaly, itchy skin with increased 

permeability, similar to the phenotype of matriptase null mice (116,134). Dysregulated 

matriptase activity in the skin resulting from loss of function mutations in the serine 

protease inhibitor LEKTI, an important regulator of kallikrein proteases in the skin, has 

also been linked to the initiation of Netherton syndrome, a more inflammatory presentation 

of syndromic ichthyosis (135). Genetic ablation of matriptase in mice deficient in the 

LEKTI inhibitor exhibit reduced inflammation, reduced aberrant protease activity and 

improved barrier function in the skin, suggesting matriptase is pathologically important in 

the human skin disease through kallikrein activation (135). Dysregulated matriptase 

activity in keratinocytes, possibly due to downregulation or loss-of-function mutation of 

HAI-1, has been shown to cleave TROP2 and EpCAM, key junction proteins, to mediate 

epidermal barrier disruption (136,137).  

Mice deficient in intestinal matriptase develop chronic inflammation and spontaneous 

colitis-induced colon adenocarcinoma (138). Matriptase is downregulated in human 

Crohn’s disease and ulcerative colitis, and its deficiency in murine models increases 

susceptibility to experimental colitis (139,140). HAI-1 deficiency and overactive 

matriptase leads to enhanced intestinal tumors (141). HAI-2 deficiency and unregulated 
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activity of matriptase also resulted in congenital tufted enteropathy (CTE)-associated early 

onset intestinal failure, as well as loss and disruption of EpCAM and claudin-7 from 

intestinal barriers (142-144). In human colon cancer, matriptase was originally designated 

as a tumor suppressor gene due to its loss of heterozygosity (145). Consistent with this, 

mice with tissue specific deletion of matriptase in the GI tract show increased intestinal 

permeability, spontaneously develop chronic colitis and ultimately inflammation-induced 

colon cancer (146). These data suggest that complete loss of matriptase can lead to colon 

carcinogenesis in the context of inflammation. Although matriptase expression may be 

down-regulated in human colon cancer, additional studies using a specific antibody (A11) 

that targets active matriptase show that there is increased active matriptase in human colon 

cancer tissues and in a patient derived colon cancer xenograft model (147,148). The 

presence of increased active matriptase in human colon cancer is also supported by studies 

on the ratio of matriptase:HAI-1 levels, which suggest that while both matriptase and HAI-

1 are down-regulated during carcinogenesis, the matriptase:HAI-1 ratio increases during 

cancer progression, resulting in a population of active matriptase on the cell surface 

(147,149). In support of this, the presence of HAI-1 in intestinal epithelium was shown to 

be protective in two murine models of intestinal carcinogenesis (150).  

 

Dysregulated matriptase possesses strong oncogenic activities in many other epithelial 

cancers, and its increased expression or activity (through loss of inhibition by HAI-1 or 

HAI-2) is associated with disease progression (reviewed in (151)). Slight over-expression 

of matriptase in murine skin is sufficient to induce multistage carcinogenesis and invasive 
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squamous cell carcinoma (152). Based on cellular and murine models, the mechanism by 

which matriptase induces squamous cell carcinoma, bladder and breast cancer involves 

cleavage and activation of the matriptase substrate pro-HGF to HGF, which is an activating 

ligand of cMet receptor tyrosine kinase (153-158). In vivo evidence also suggests that 

cleavage of the protease-activated receptor 2 (PAR-2), which induces inflammatory 

signaling pathways, may be an essential component for matriptase induced malignant 

progression of squamous cell carcinomas in animal models (159,160). Matriptase 

activation of PAR-2 has also been implicated in pulmonary fibrosis (159,161,162) and 

chronic kidney diseases (163). Activation of matriptase by tissue factor (TF):factor VIIa 

(FVIIa) and factor Xa (FXa) and subsequent activation of PAR-2 induces rapid and 

prolonged barrier enhancement and connects the coagulation cascade to epithelial 

homeostasis (164).  

 

1.8.3. Testisin 

Testisin (PRSS21) is one of only two MASP family members that possesses a GPI-

anchor with no additional domains. Due to this unique membrane-tethering domain, testisin 

exhibits an extremely specific and restricted tissue distribution, with abundant expression 

solely in male germ cells and spermatocytes (165,166), and lower expression identified in 

microvascular endothelial cells, and eosinophils (167-169). Functionally testisin is 

important for sperm cell maturation and fertilizing ability in mice (169,170), and may play 

a role in preparing the sperm surface for interaction with the oocyte (171). Testisin 

expression was found to be important for physiological hormone-induced angiogenesis and 
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microvascular endothelial barrier function (172). Testisin deficiency in mice causes 

increased vascular permeability and a hemorrhagic phenotype during luteal angiogenesis, 

although the physiological substrate that mediates this activity is unclear. Pathologically, 

the aberrant hypermethylation and consequent downregulation of testisin may promote 

testicular tumorigenesis (173). Testisin was demonstrated to cleave human and mouse 

protein C inhibitor (PCI), a broad spectrum serine protease inhibitor (174), but functional 

activity of this cleavage has yet to be elucidated in physiological or disease contexts. 

Testisin has also been demonstrated to cleave and activate PAR-2 on the surface of HeLa 

cells, inducing functional downstream signaling responses such as calcium mobilization, 

ERK1/2 phosphorylation, and IL-6 and IL-8 expression (175). In contrast to its distinctly 

limited normal tissue expression, upregulation of testisin in cervical and ovarian cancer 

cells has been associated with enhanced invasive capabilities and tumor burden in some 

murine models (176,177). 

 

1.8.4. Hepsin 

Hepsin (HPN) belongs to a subfamily composed of 7 members in humans and mice 

and possesses only one additional domain in its stem region, a group A scavenger receptor 

domain. Hepsin is abundantly expressed in the liver, and at lower levels in the kidney, 

stomach, prostate, thyroid, inner ear, breast, lung, pancreas, and adipose tissues (178-181). 

Physiological functions for hepsin have been identified in the inner ear, liver and kidney 

using murine models. While hepsin deficient mice do not show any strong defects in 

development or fertility (182), mice lacking hepsin expression are deaf and have abnormal 
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cochlear structure (180), though hepsin’s physiological substrate to mediate cochlear 

development has not been determined. Hepsin deficient mice also show significantly 

reduced levels of the thyroid hormone thyroxine (180), which is known to be important for 

cochlear development, but later studies showed that thyroxine treatment did not rescue 

hepsin-deficiency associated hearing loss (183). Hepsin deficiency or mutations have not 

yet been reported to be involved in human hearing. Analysis of liver specific hepsin null 

mice show increased hepatocyte size and narrowed liver sinusoids, demonstrating its role 

in maintaining liver structural integrity (184). These authors and others have demonstrated 

that the likely in vivo substrate cleaved by hepsin to regulate liver physiology is pro-

hepatocyte growth factor (pro-HGF), an established in vitro substrate of hepsin (reviewed 

in (185,186)). Of importance, treatment of liver specific hepsin null mice with the active 

form of HGF was able rescue these phenotypic defects (184). More recent analysis of 

hepsin null mice revealed low blood glucose, lipids, and liver glycogen, resulting in 

increased adipocyte browning and basal metabolic rates, indicating a role for hepsin in 

obesity, hyperglycemia, and hyperlipidemia (187). In the kidney, hepsin cleavage of 

uromodulin, the most abundant protein found in urine, allows polymerization after release 

of an inhibitory peptide; this function has linked hepsin to a role in urinary physiology 

(188). Efficient cleavage of uromodulin provides protection from uropathogen infections 

and is associated with salt homeostasis (189). Overexpression of hepsin in several tumor 

types (155,156,190-197) is associated with tumor progression and metastatic signaling 

(reviewed in (198,199)). Most recently, an upstream regulatory role for oncogenic Ras in 

hepsin activation has been correlated with initial steps of tumor dissemination (200). 
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Indirect activation of PAR-2 via matriptase zymogen activation by hepsin may be 

attributed to several physiological and disease functions of hepsin (reviewed in (199)). 

Hepsin has also been shown to be involved in various protease networks to regulate 

basement membrane and extracellular matrix degradation and cellular invasion (201-203). 

 

1.8.5. MASPs in Ovarian Cancer 

Matriptase. Matriptase has been demonstrated by several studies to be upregulated 

in OvCa compared to normal ovarian epithelium (204-206). Matriptase mRNA was 

detected at moderate to high levels in epithelial ovarian tumors but not in stromal-derived 

ovarian tumors and several other non-epithelial tumor types, consistent with the epithelial 

origin of matriptase expression (207-209). Prognostic value of matriptase in OvCa remains 

controversial due to contradicting studies of correlation with disease stage and patient 

survival (204,205,210,211). Levels of matriptase were more frequently high in advanced-

stage OvCa tissues with low HAI-1 levels, indicating this imbalance and the dysregulated 

increase in matriptase activity may play a role in advanced disease (212). Low HAI-1 and 

HAI-2 expression levels assessed by immunohistochemistry analysis was associated with 

poorer disease-free and overall survival in a small cohort of OvCa patients (213). Other 

studies postulated that the increased levels of matriptase, rather than decreased levels of 

HAI-1, contributed to the increased matriptase:HAI-1 ratio and correlated with invasion 

and metastasis of OvCa cells (214), suggesting that overactive matriptase in either 

circumstance results in aggressive OvCa and its functional role warrants further 

investigation. 
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Testisin. The elevated levels of testisin expression found in lung cancers and advanced 

ovarian cancers has been postulated to contribute to tumor progression (215-217). On the 

other hand, constitutive testisin expression in OvCa cells was shown to cleave protease-

activated receptor 2 (PAR-2) on the cell surface. Testisin activation cleavage removes 

PAR-2 from the cell surface, suppressing expression of downstream intracellular signaling 

pathways and downregulating proangiogenic angiopoietins ANG2 and ANGPTL4 (175). 

Testisin expression was also demonstrated to suppress OvCa dissemination and metastasis 

in vivo (175).  Testisin overactivity in tumor cells can also be leveraged and utilized to 

cleave and activate a re-engineered anthrax-toxin based pro-drug to mediate anti-tumor  

cytotoxicity in vitro and in vivo (218). 

 

Hepsin. Early studies demonstrated the upregulation of hepsin mRNA in human ovarian 

carcinomas compared to normal human ovary tissue (196,219). Although detailed 

mechanisms have yet to be elucidated, hepsin overexpression and overactivity in OvCa cell 

lines is thought to contribute to tumor invasion and not tumor cell growth, which was 

inhibited with antibodies that neutralized hepsin’s proteolytic activity (220).  

 

1.9. Protease-activated receptor-2 (PAR-2) 

Protease-activated receptors (PARs) belong to the rhodopsin subfamily of G-

protein coupled receptors (GPCRs) that are cleaved and activated by proteases and regulate 

several processes involved in tumor signaling, inflammation, and coagulation. PARs are 



 
 
 
 

39 
 

distributed into four categories that share a similar structure of seven transmembrane 

helices, an extracellular N-terminal domain, three extracellular loops, three cytoplasmic 

intracellular loops and an intracellular C-terminal domain (221,222). PARs are cleaved at 

an extracellular N-terminal activation site that reveals a ‘tethered ligand’, which can bind 

to an extracellular docking domain on the second extracellular loop of the cleaved PAR to 

cause a receptor conformational change that triggers intracellular signaling by coupled G 

proteins (Fig. 1.3).  

 

1.9.1. Protease Activation and Signaling 

The PAR family was initially termed after discovery of the “thrombin receptor”, or 

PAR-1. Soon after, PAR-2 was cloned and deemed to have similar proteolytic activation 

mechanisms as PAR-1 but was more responsive to trypsin compared to thrombin (222). 

PAR-2 remains the only PAR family member that is not directly activated by thrombin 

cleavage, although studies of transactivation of PAR-2 by the nearby exposed PAR-1 

tethered ligand have been reported. Aside from trypsin, established direct activators of 

PAR-2 are plasmin, tryptase, matriptase, testisin, and kallikreins-5,-6,-14 (222,223). 

Trypsin and other canonical activators cleave PAR-2 at the R36↓S37 site to reveal the 

tethered ligand SLIGKV. Some proteases can cleave at non-canonical sites along the N-

terminus or elsewhere on the receptor, resulting in alternative tethered ligands, disrupted 

tethered ligands, or removal of the tethered ligand altogether, effectively disarming the 

receptor (222,224), all of which can result in alternative signaling responses to those 

activated by canonical trypsin cleavage. Some of these non-canonical activators include  
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Figure 1.3. PAR-2 activation and life-cycle 
Image adapted from (225). 1. Upon proteolytic activation at the canonical N-terminus 
site, the tethered ligand SLIGKV is exposed and can bind to extracellular loop-2 of PAR-
2, causing receptor conformational change. 2. G-protein subunits Gɑ, Gβ, and GƔ are 
recruited to the activated receptor and can trigger downstream signaling pathways 
involved in physiological and disease conditions. 3. C-terminal residues of PAR-2 are 
phosphorylated by G-protein receptor kinases (GRKs) and dissociates G-protein 
coupling. β-arrestin is recruited to phosphorylated residues. 4. β-arrestin recruitment 
induces clathrin-mediated endocytosis; some intracellular signaling is sustained in early 
endosomes. 5. PAR-2 is trafficked to lysosomes and degraded. PAR-2 must be 
remobilized from Golgi stores in order to restore cell-surface expression and is not 
recycled. 
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neutrophil elastase, proteinase-3, cathepsin-G and -S, chymase, tryptase, granzymes, 

legumain, and several kallikreins (222,223). Trypsin activation of PAR-2 activates Gɑq-

mediated Ca2+ mobilization, Gɑs-mediated cAMP production, and Gɑ12/13-mediated 

activation of Rho-kinase pathways (226). Cell context and protease activators greatly 

influence signaling pathways that are triggered by PAR-2 activation. Some studies have 

indicated the presence of receptor clusters near pre-assembled complexes with certain G 

proteins, while some are only coupled upon receptor activation (226,227) potentially due 

to localization in lipid-raft enriched membrane microdomains.  

 

1.9.2. β -arrestin Signaling and Signal Termination  

PAR-2 contains serine and threonine sites on the C-terminal tail to allow 

phosphorylation by several identified GPCR kinases (GRKs), allowing initial β-arrestin 

interactions (222). The binding of β-arrestin to phosphorylated residues on the PAR-2 C-

terminal tail uncouples and terminates G protein signaling (228,229), results in endocytosis 

of the complex (228) and mediates early endosomal signaling via scaffolding complexes 

containing Raf1 and activated cytosolic ERK1/2 (230). β-arrestins are not only active 

participants in signaling by internalized PAR-2, but they can also direct receptor trafficking 

to regulate the duration and magnitude of PAR-2 signaling. Stability of activated receptor 

and β-arrestin can regulate duration of this intracellular signaling (226). PAR-2 signal 

termination occurs by direct ubiquitination and trafficking of PAR-2 to lysosomes for 

degradation by distinct components of the ESCRT machinery, a process that is unique to 
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PAR-2 within the PAR family (231-233). The pathways that regulate β-arrestin-mediated 

signaling versus signal termination are incompletely understood. 

 

PARs are rapidly internalized from the cell surface via clathrin-mediated endocytosis 

facilitated by β-arrestin. Due to proteolytic activation and internalization, PAR activation 

is irreversible, suggesting that receptor internalization is an important regulatory step for 

appropriate cellular responses (234). Unlike PAR-1, internalized PAR-2 receptors are not 

constitutively recycled back to the cell surface, but instead are targeted for degradation 

(223). Synthesis of new receptors or mobilization of Golgi/cytoplasmic stores is required 

to repopulate the cell surface and sustain signaling. 

 

1.9.3. PAR-2 and Biased Agonism  

Different ligands can stabilize unique conformations of the cleaved PAR-2 that 

activate distinct signaling pathways, a phenomenon referred to as biased agonism or 

functional selectivity (226,231). A study of mutations within the tethered ligand sequence 

of PAR-2 (235) revealed that the nature of the tethered ligand sequence and the mode of 

its presentation to the receptor determine biased signaling by PAR-2. In addition, different 

proteases that cleave PAR-2 at distinct sites activate divergent patterns of receptor 

signaling and trafficking (reviewed in (226,231). PAR-2 has been implicated in paradoxical 

roles in various patho-physiological contexts, which could potentially be determined by 

biased agonism signaling. For example, in murine models of allergic immunity, PAR-2 

contributes to development of inflammatory response, while it plays a protective role in 
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lipopolysaccharide-induced models of pulmonary neutrophilia (226). Further definition of 

mechanisms that underly biased agonism can influence development of appropriate 

therapeutic targets. 

 

1.9.4. PAR-2 in Cancer 

In the majority of studies to date, PAR-2 has been reported to have oncogenic 

activities, functioning to promote tumor growth and/or progression. Initial evidence that 

PAR-2 may drive tumorigenesis came from experimental studies showing that PAR-2 

indirectly enhances thrombin-dependent tumor cell migration and metastasis (236). 

Increased PAR-2 expression has been reported in a diverse set of human cancers such as 

breast, ovarian, prostate, pancreatic, liver and gastric cancers, when compared to normal 

patient tissue specimens (237-242). In addition, a recent survey of PAR family member 

expression in human tumor samples of various cancer types from the Cancer Genome Atlas 

(TCGA) and the Genotype-Tissue Expression projects (GTEx) reveals upregulated PAR-

2 in 15 different cancer types compared with normal tissues (243). A global transcriptome 

array analysis of PAR expression in over 1,000 ovarian cancer and normal tissue samples 

showed that human epithelial ovarian cancers predominantly overexpress PAR-2, followed 

closely by PAR-1, with minimal detection of PAR3 and PAR4 (244). Consistent with this, 

increased PAR-2 is associated with poor prognosis and decreased progression-free and 

overall survival in ovarian, cervical, and hepatocellular carcinoma patients (239,245-247). 

Increased PAR-2 expression and activation is also correlated with the degree of 

invasiveness exhibited by both primary and metastatic tumors (238,239,248). Pro-
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tumorigenic activities attributed to PAR-2 signaling include chemokinesis, cell 

proliferation, invasion and migration, inflammatory signaling and increased angiogenesis 

in several tumor types including breast, oral, renal, pancreatic, gastric, lung, and 

esophageal cancers (reviewed in (248-251)). PAR-2 may also modulate transactivation of 

other cell surface receptors (i.e. EGF, TGFβ, and Met tyrosine kinase receptors) that are 

frequently drivers of tumor progression (231,246,252,253). In contrast, a few studies have 

demonstrated tumor-suppressive functions of PAR-2 (254,255). In a DMBA-induced 

mouse model of skin carcinogenesis, PAR-2 deficient mice displayed increased tumor 

number and increased blood vessel infiltration, which was attributed to modulation of 

tumor-suppressing TGFβ-1 secretion (254). The specific protease agonists associated with 

the tumor suppressive and oncogenic roles of PAR-2 in various tumor types are poorly 

characterized. 

 

1.9.5. PAR-2 and Ovarian Cancer 

Given its roles in angiogenesis, inflammation, and metastasis in several tumor 

types, and its activation by OvCa-associated proteases, it is highly likely that PAR-2 and 

its downstream signaling may be involved in OvCa, but molecular details of its association 

are not known. PAR-2 is upregulated in human OvCa tissues compared to normal ovary 

tissue, and its high expression correlates with significantly decreased patient survival 

(239,247). Thus far, only one study has demonstrated the role of PAR-2 in enhancing cell 

migration in OvCa cell lines (244). PAR-2 activation by testisin on the other hand, was 

found to decrease OvCa dissemination and metastasis in an in vivo orthotopic xenograft 
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model, suppressing its signaling by removing it from the cell surface (256). Recently, PAR-

2 activation by synthetic peptides and trypsin was found to activate a combination of Gɑq/11, 

Gɑ12/13, and β-arrestin-1/-2 to transactivate EGFR and mediate cell migration in high-

grade serous OvCa cells (257), providing a more detailed mechanism for this metastatic 

property. The role of PAR-2 and its activation by endogenous membrane-bound proteases 

is evidently important but highly complex in the context of OvCa, and warrants further 

investigation as a potential molecular mechanism for OvCa dissemination. 

 

1.9.6. Matriptase Activation of PAR-2 

In vitro studies identified matriptase as the first MASP to directly cleave and 

activate PAR-2. Unexpectedly, wildtype and zymogen-locked matriptase were equally 

capable of activating PAR-2 inflammatory signaling in cell-based assays. (99). Zymogen-

locked matriptase induced PAR-2 cleavage when co-expressed with catalytically active 

prostasin in KOLF cells, suggesting that low enzymatic levels of matriptase zymogen may 

be enhanced in the presence of active prostasin to allow PAR-2 cleavage (99). Although 

matriptase zymogen has been demonstrated to stimulate epidermal prostasin zymogen 

activation in vivo (258), the involvement and activation of PAR-2 by matriptase zymogen 

in vivo  remains to be elucidated. 

 

Substantial molecular and cellular data identifies matriptase to be a direct proteolytic 

activator of PAR-2. Early studies using the human HaCaT transformed keratinocyte cell 

line, which endogenously expresses PAR-2, showed that treatment with soluble 
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recombinant matriptase (protease domain only) stimulates canonical PAR-2 cleavage and 

potent PI hydrolysis (259). In KOLF lung fibroblast cells (which do not express 

endogenous PARs, matriptase, or hepsin), PI hydrolysis in response to recombinant 

matriptase was observed only upon PAR-2 transfection, indicating direct and specific 

PAR-2 activation (259). These findings have since been confirmed in several other in 

vitro studies using PAR-2 expressing KOLF or HEK293 cells and soluble or co-expressed 

matriptase (99,103,164,260,261).  

 

In vivo studies using murine transgenic models of matriptase and PAR-2 deficiencies have 

provided compelling evidence for a matriptase-PAR-2 signaling axis, specifically during 

normal embryonic development and placental barrier function (259,262). Is it possible that 

a matriptase-PAR-2 signaling pathway regulates global epithelial integrity during 

homeostasis, and that this pathway becomes dysregulated in cancer? In support of this, 

PAR-2 has been shown to be critical for matriptase-mediated tumor progression using 

several in vivo tumor models in which matriptase is over-expressed. In a transgenic mouse 

model of squamous cell carcinoma (SCC) where matriptase is over-expressed in the 

epidermis via a keratin-5 promoter (K5-matriptase), animals developed spontaneous 

multistage SCCs (263) and displayed pro-tumorigenic inflammatory cytokine release that 

was PAR-2 dependent (260). The downstream effects of matriptase activation of PAR-2 

were attributed to selective signaling through Gαi and NFκB directed cytokine release 

(264). In this model, matriptase also induced the activation of an HGF/c-Met dependent 
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pathway, and both c-Met and PAR-2 signaling were independently required for tumor 

initiation (264).  

 

Matriptase activity seems to be critical for the regulation of inflammatory signaling via the 

matriptase-PAR-2 axis. Matriptase expression and trafficking, activity and shedding are 

controlled by Kunitz-type serine protease inhibitors, specifically HAI-1/SPINT1 and HAI-

2/SPINT2, and down-regulation of these endogenous matriptase inhibitors increases 

aberrant matriptase activity (98,111,115,265,266). An increased ratio of matriptase to its 

inhibitors HAI-1 or HAI-2 enables increased matriptase activity and this has been shown 

to promote in vitro tumorigenesis in several studies (109,147,149,212,214,267,268). In 

human SCCs, increased matriptase expression is correlated with diminished expression of 

matriptase-HAI-1 complexes (269), while most matriptase expression in normal skin 

epithelium is in complex with HAI-1, indicating a role for active matriptase in SCC 

progression. PAR-2 expression is maintained in SCC compared to normal skin, suggesting  

it as a potential substrate in this context. Enhanced matriptase activity in HAI-1 deficient 

zebrafish embryos showed PAR-2-dependent regulation of epithelial cell extrusion, cell-

cell junctions, and overall epithelial morphogenesis and homeostasis (123).  The 

importance of protease-inhibitor balance has also been demonstrated in vivo in murine 

transgenic and xenograft models, where loss or decreased levels of endogenous HAI-1 or 

HAI-2 and increased matriptase activity promotes carcinogenesis, which can be effectively 

reversed by increased ectopic expression of the inhibitor (260,263,270). Recent studies also 

suggest that matriptase can function in a paracrine manner to activate PAR-2 (159). 
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Pericellular matriptase activity on the surface of oral SCC, caused by insufficient HAI-1, 

was shown to activate PAR-2 on the surface of cancer-associated fibroblasts (CAF), 

leading to enhanced CAF migration and infiltration (159). 

 

1.10. Targeting MASPs for Anti-cancer Therapies 

Excessive and dysregulated MASP activity has been associated with tumor 

progression, as evidenced by the use of protease-activated imaging probes in the tumor 

microenvironment. For example, a preclinical probe for detecting matriptase, A11, has 

been developed to measure and visualize active matriptase specifically on tumorigenic 

epithelium (147). The cell surface localization of tumor-associated MASP hyperactivity 

and tightly regulated activity in normal tissues offer a unique opportunity to develop 

proteolytic inhibitors as anti-cancer agents. Proteases have been an attractive target in 

cancer research due to their roles in tumor growth and metastasis (271). Protease inhibitors 

designed to block activity however, have generally resulted in a nonselective inhibition 

profile or systemic toxicity (272), indicating the need for better therapeutic approaches to 

target tumor-associated protease hyperactivity.  

 

Protease-activated prodrugs offer an alternative to using direct protease inhibitors as 

anticancer therapies.  Harnessing the catalytic power of tumor-associated proteases with 

protease-activated prodrugs designed to deliver cytotoxins is currently showing promise to 

combine target site activation with selective delivery and specificity (272). Prodrug 

therapeutics are a group of therapeutics that are inactive or less active derivatives of drug 
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molecules and undergo enzymatic or chemical transformation to regenerate the active 

forms. This is achieved by altering the physicochemical characteristics of drugs. Pro-drugs 

are designed to be converted to their active forms specifically when they are in a particular 

biological context or environment. When used as cancer therapies, pro-drugs are designed 

to be activated only when inside a tumor, or in the vicinity of a tumor, overcoming the lack 

of intrinsic target specificity of conventional chemotherapeutic drugs (273). 

Overexpression of MASPs in tumor cells makes them a good candidate to be used in tumor 

therapy to activate pro-drugs. Among the strategies used to activate a pro-drug are 

antibody-directed pro-drug therapy, protease activated peptide conjugates, protease-

activatable photosensitizers (e.g. cathepsin B-activated pro-drug conjugates), protease-

activated cytotoxic receptor ligands and other cytotoxic proteins, and protease-mediated 

activation of anthrax toxin (274). These strategies can be achieved through the combination 

of a therapeutic agent with an inactive peptide substrate which is cleavable by proteases 

that would cause the release of the active therapeutic. Alternatively, the pro-drugs can be 

fused to a targeting moiety (275). 

 

1.10.1. Design and Development of Anthrax Toxin Based Pro-Drug Anti-cancer 

Therapeutics 

Our laboratory and others have developed and investigated the uses for protease-

activated pro-drugs based on the cytotoxic mechanism of the anthrax toxin (AT). The AT 

lethal factor (LF) delivery system is a well-studied bipartite system based on Bacillus 

anthracis that utilizes cell surface binding and proteolytic activation to deliver a potent 
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cytotoxin to targeted cells (276). The mechanism of action (Fig. 1.4) requires one 

component, protective antigen (PA), to bind to host cell surface receptors tumor endothelial 

marker 8 (TEM8/ANTXR1) and capillary morphogenesis gene 2 (CMG2/ANTXR2). 

Receptor-bound PA molecules then undergo activation proteolytic cleavage on the cell 

surface by furin protease, which is ubiquitously expressed on all tissues, allowing a 

conformational change and oligomerization of the receptor-PA complex. This forms a pore, 

allowing translocation of the other components, lethal factor (LF) and edema factor (EF) 

to enter the cell and mediate toxicity. LF, a zinc-dependent metalloprotease, has been 

demonstrated to cleave and irreversibly inactivate members of the MAPK pathway, some 

variants of the NLRP1 inflammasome sensor, and regulatory subunits of the PI3K pathway, 

thus impairing signaling pathways that are essential for growth, survival, and metabolism 

(277,278). An alternative cargo component, FP59, comprised of a fusion of the N-terminal 

region of LF and the catalytic domain of Pseudomonas exotoxin A, mediates cytotoxicity 

by inhibiting protein translation and has been developed as a tool to study anthrax toxin 

cytotoxicity mainly in vitro (279). 
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Figure 1.4. Anthrax toxin mechanism 
Image adapted from (280). 1. Inactive anthrax toxin protective antigen (PA) binds to 
cell surface receptors ANTXR1 (TEM8) or ANTXR2 (CMG2). 2. Ubiquitously 
expressed cell surface protease furin cleaves inactive PA (83kDa) to active PA 
(63kDa). 3. Activated PA and ANTXR receptor complex oligomerizes, allowing 
binding of cytotoxic cargoes lethal factor (LF) and edema factor (EF). 4. Complex is 
endocytosed. 5. Complex forms a pore and allows release of LF, EF into the cytosol to 
mediate cellular cytotoxicity. 
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1.10.2. Re-engineered Anthrax Toxins in Tumor Targeting 

Since the proteolytic activator and cleavage site of the PA protein is well-

established, the anthrax toxin system is capable of being re-engineered  to target other 

extracellular proteases and mediate anti-tumor toxicity. For example, PA variants PA-

U2R00A and PA-L1-I210A are designed to be cleaved by tumor-associated MMPs and 

uPA (281) and have shown considerable anti-tumor efficacy when combined with LF in 

preclinical xenograft models of human melanomas, head and neck squamous cell 

carcinomas, Lewis lung carcinomas (282-284), canine oral mucosal melanomas and canine 

and human osteosarcoma cells (285,286). Notably, this therapy was found to be anti-

angiogenic by selectively targeting tumor-associated endothelial cells rather than the tumor 

cells directly (283). Although off-target toxicity is considerably diminished compared to 

wild-type AT, MMP’s have highly overlapping substrate specificity, thus allowing the 

potential off-target cleavage and activation by MMP’s that are involved in physiological 

roles. Furthermore, studies investigating this re-engineered AT strategy on advanced, 

metastatic tumors that may not rely on angiogenic processes have yet to be reported. 

 

Our laboratory has developed alternative strategies of re-engineered anthrax toxin to target 

tumor-associated MASPs, with the goal of providing tumor-selective targeted therapies to 

tumor types that selectively overexpress hyperactive MASPs. PrAg-PCIS was initially 

developed to be targeted by the MASP testisin, based on its cleavage of protein C inhibitor 

(PCI) (174). PrAg-PCIS was demonstrated to induce efficient tumor cell killing in vitro in 

combination with FP59, and reduced tumor volume in a preclinical HeLa xenograft tumor 
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model in combination with LF (287). These studies were the first to suggest the potential 

of utilizing MASPs as targets of protease-activated pro-drugs.  

 

1.11. Goals, Hypothesis and Aims 

The membrane-anchored serine protease matriptase and its substrate PAR-2 are 

both overexpressed in OvCa and have shown to co-conspire in several other 

pathophysiological contexts to facilitate disease conditions. Both are highly involved in 

regulating cell-cell interactions, barrier integrity, inflammatory responses, and tumorigenic 

or metastatic signaling. Given the unmet need for targeted therapies and unclear 

understanding of the unique mode of OvCa dissemination and metastasis, we sought to 

investigate the role of matriptase/PAR-2 signaling in promoting pro-metastatic behaviors 

in OvCa spheroids. We tested the hypothesis that overexpression and overactivity of 

matriptase activates a PAR-2-mediated pro-metastatic signaling cascade to orchestrate 

OvCa dissemination and its activity can be leveraged to develop therapeutic targeting 

strategies. This hypothesis was tested in three specific aims: 

 

1) To determine the role of overactive matriptase in OvCa and to define the 

mechanism by which matriptase/PAR-2 signaling disrupts cell-cell interactions and 

promotes OvCa spheroid dissemination and metastasis (Chapter 3) 

2) To investigate differential regulation of PAR-2 biased agonism in OvCa by 

matriptase and testisin (Chapter 4) 
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3) To develop a zymogen-activated pro-drug anthrax toxin to target the hyperactivity 

of matriptase and other MASPs and deliver selective cytotoxicity in advanced-stage 

OvCa (Chapter 5). 
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CHAPTER 2.   MATERIALS AND METHODS 

The following information presents the materials and methods used to perform these 

studies. Any deviations from these materials and methods, and any additional information, 

are explained within the subsequent chapters and figure legends. 

 

2.1. Experimental Reagents 

All reagents used in these experiments were reagent grade. The identity and use of 

all reagents are described in methods and are listed in Appendix Table 1.  

 

2.2. DNA Plasmids  

All DNA expression plasmids were purified using an endotoxin-free Maxi-prep kit 

(Qiagen). Expression plasmids utilized in this study are listed in Appendix Table 2. 

 

2.3. Antibodies 

Primary and secondary antibodies utilized in this study for immunoblots, 

immunohistochemistry, flow cytometry, and blocking experiments are listed in Appendix 

Table 3.  

 

2.4. Primers 

Primers used for Taqman qPCR analysis were purchased from ThermoFisher and 

the DNA sequences are listed in Appendix Table 4.  
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2.5. Expression Plasmid Mutagenesis  

Expression plasmid mutagenesis for ZMTs was conducted by Erik Martin (Antalis 

Laboratory) as described (288). 

 

2.6. Purification of recombinant ZMTs and cleavage assays 

Recombinant PA proteins were provided by Dr. Stephen Leppla (National Institute 

of Health, Bethesda, MD). Recombinant PA variants and LF proteins were expressed using 

BH480, an avirulent, sporulation-defective, protease deficient B. anthracis strain, and 

purified as described previously (289). LF and FP59 used herein have the native N-terminal 

sequence of AGG. For PA protein cleavage assays, the recombinant PA proteins (1 μM) 

were incubated with recombinant proteases (50 nM) for 2.5 hours, or indicated intervals, 

at 30ºC, in 50 mM HEPES (pH 7.3), 10 mM CaCl2, 150 mM NaCl, and 0.05% (v/v) Brij-

35. Reactions were stopped by addition of Laemmli sample buffer containing 10% β-

mercaptoethanol to the samples. PA cleavage was analyzed by SDS-PAGE followed by 

immunoblotting using a rabbit anti-PA pAb (290). 

 

2.7. Cell Culture 

 OvCa cell lines were cultured and maintained at 37ºC in a 5% CO2/95% air 

environment. ES-2 (high-grade serous carcinoma (291)), CAOV3 (primary ovarian 

carcinoma), and COV362 (high grade serous adenocarcinoma derived from pleural 

effusion) were obtained from American Type Culture Collection (ATCC) and cultured in 

DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Sigma), 100 
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units/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine. NCI/ADR-Res cells 

(multi-drug resistant adenocarcinoma derived from OVCAR8) were obtained from the 

National Cancer Institute Division of Cancer Treatment and Diagnosis (NCI-DCTD) 

repository and cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal 

bovine serum (FBS) and 100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-

glutamine. OVCAR3 (high grade ovarian serous adenocarcinoma derived from ascites 

fluid), cells were cultured in RPMI 1640 supplemented with 20% FBS and 0.01mg/mL 

insulin. IOSE397 and IOSE7576 (immortalized ovarian surface epithelial cells) were 

obtained from the Canadian Ovarian Tissue Bank (University of British Columbia, 

Vancouver, Canada). IOSE cells and patient ascites derived tumor cells were cultured in 

Medium 199:MCDB 105 (1:1) supplemented with 15% FBS, 1% non-essential amino acids 

and 100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine. LP9 normal 

human mesothelial cells were obtained from Coriell Institute and cultured in Medium 199 

and MCDB 105 (1:1) supplemented with 2mM L-glutamine, 15% FBS, human epidermal 

growth factor (10 ng/mL) and hydrocortisone (0.4 μg/mL). All cells were routinely tested 

and confirmed to be Mycoplasma negative using the MycoAlert Mycoplasma Detection 

Kit assay (Lonza LT07-218). All cells were passaged routinely using the non-enzymatic 

cell dissociation reagent Versene (Gibco), an EDTA solution.  

 

2.8. Generation of stable matriptase expressing OvCa cell lines 

Phoenix-AMPHO cells were transfected with pMSCV-Luciferase-PGK-plasmids 

using LipofectamineTM 2000 (ThermoFisher); retroviral particles generated from cleared 
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supernatants were used to transduce ES-2, NCI/ADR-Res, and SKOV3 stable cell lines. 

Cells were selected for stable luciferase expression by hygromycin. Human matriptase 

cDNA (292) was cloned into pEF1a-IRES-AcGFP1 vector (ClonTech Laboratories) and 

transfected into ES-2-Luc, NCI/ADR-Res-Luc, and SKOV3-Luc stable cells using 

LipofectamineTM 2000 according to manufacturer’s instructions. Cells were co-transfected 

with human pcDNA3.1-HAI-1 (provided by Chen-Yong Lin, Georgetown University) 

since the endogenous inhibitor also serves as a chaperone for efficient matriptase 

expression and translocation to the cell surface. Transfected cells were treated with 

concentrations (400-800ng/mL) of geneticin (G418-Gibco) determined by dose response 

curve and GFP positive cells were flow-sorted for optimal matriptase expression 

(University of Maryland Center for Innovative Biomedical Services Flow Cytometry 

Core). Cells were cultured with maintenance dose of G418 for stable expression (100-

400ng/mL). Matriptase mRNA and protein expression was confirmed by immunoblot and 

qPCR, and activity was confirmed by cell surface serine protease activity assay. 

 

2.9. Transient HEK293T transfections 

HEK293T cell transient transfections were performed using LipofectamineTM 2000 

according to manufacturer’s instructions, as described in (218). Matriptase and hepsin 

expression plasmids were transiently co-transfected with expression plasmids encoding 

HAI-1 and HAI-2 respectively to allow optimal MASP cell surface expression and protein 

stability. MASP expression was confirmed by qPCR at 72 hours post transfection. Cell 

surface serine protease activity was determined by fluorogenic peptide cleavage assay 
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using Boc-QAR-AMC at 48 hours post transfection.  For cytotoxicity assays, cells were 

treated at 48 hours post transfection with PAS:FP59 and viability assessed at 96 hours post 

transfection by MTT assay. 

 

2.10. Real-time Quantitative PCR (RT-qPCR) 

RNA was prepared from cultured tumor cells and spheroids using RNeasy Mini Kit 

(Qiagen) according to manufacturer’s instructions. For RT-qPCR, cDNA was generated 

using High-Capacity cDNA Reverse Transcription Kit (Life Technologies). RT-qPCR 

analysis was performed with Taqman Fast Advanced Master Mix using QuantStudio 3 Real 

Time-PCR System (ThermoFisher). Taqman primers used for RT-qPCR analysis were 

purchased from ThermoFisher and are listed in Appendix Table 4. Human GAPDH was 

used as a general housekeeping control. The TissueScan Ovarian Cancer cDNA Array II 

(Origene) (HORT102) containing 40 samples covering four disease stages (8 stage I, 9 

stage II, 17 stage III, and 6 stage IV) of varying OvCa histopathologies, and 8 normal 

tissues, was screened for hepsin, testisin and matriptase mRNA gene expression using the 

primers listed in Appendix Table 5.  

 

2.11. Cell lysis and Immunoblot Analysis 

Cells or spheroids were lysed in RIPA lysis buffer (Sigma) with Complete Mini 

Protease Inhibitor Cocktail & PhosSTOP Phosphatase Inhibitor Cocktail (Roche). Protein 

concentrations were determined using Protein Assay Dye (Bio-Rad) and samples 

containing equal protein were prepared with 6 x LDS sample buffer containing 5% β-
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mercaptoethanol and heated at 70°C for 10 minutes. Samples were separated on SDS-

PAGE gels (NuPAGE™ 4-12% Bis-Tris Protein Gels, Invitrogen) according to standard 

methods, transferred to 0.45μm PVDF membrane (EMD Millipore) and blocked in 5% 

milk in PBST. Membranes were probed with primary antibodies overnight at 4°C (listed 

in Appendix Table 3) and then HRP conjugated secondary antibodies for one hour at room 

temperature. HRP activity was detected by SuperSignal West Pico PLUS 

Chemiluminescent Substrate (ThermoFisher). Serum-free conditioned media from 

hanging-drop spheroid cultures was collected, centrifuged to remove cellular contents, and 

concentrated using PierceTM protein concentrators PES (10K MWCO; ThermoFisher).  

Densitometry analysis of immunoblots was performed using ImageJ software and signals 

were normalized to β-tubulin or total protein Ponceau S staining. 

 

2.12. ELISA Analysis 

The conditioned media from IOSE397 and IOSE7576 cells and ascites fluid 

samples from mice and patient samples were centrifuged at 1000 x g for 10 minutes to 

remove any remaining cells or debris and analyzed using the human Human Soluble E-

cadherin Quantikine ELISA kit (DCADE0; R&D Systems) according to manufacturers’ 

instructions. A pilot study with both conditioned media and ascites fluid was performed to 

ensure the sample dilutions were within the detectable range of the ELISA kits (dilutions 

used: conditioned media from IOSE cells 1:2, patient ascites fluids 1:10, ES-2-Mat ascites 

fluids concentrated ~3-4 fold using PierceTM protein concentrators PES (10K MWCO; 

ThermoFisher)). Signals were measured by absorbance at 450nm/540nm using a 
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FlexStation 3 Microplate Reader (Molecular Devices) and the concentration of samples 

interpolated using a generated standard curve from standards included in the Quantikine 

ELISA kit.  

 

2.13. Cell surface serine protease activity  

Cells were grown to ~40% confluence in 96-well, black-walled, clear-bottom 

plates, washed in Opti-MEM I, and incubated with 100 µM Boc-QAR-AMC fluorogenic 

peptide in Opti-MEM I, in the absence or presence of the serine protease inhibitor AEBSF 

(100 µM). Cleavage of the peptide and release of the AMC group was monitored at 

excitation 380 nm and emission 460 nm, using a FlexStation 3® microplate reader, at 15- 

or 30-minute intervals. Background fluorescence from wells containing substrate in Opti-

MEM alone was subtracted from readings. AEBSF-insensitive values were subtracted from 

the relative fluorescence in the absence of AEBSF at each time point. Fluorescence was 

also normalized to average cell number per well counted at the end of each time course.  

 

2.14. MTT cytotoxicity assays  

Cells (~8,000 cells per well) were seeded onto 96-well plates and incubated 

overnight. Cells were treated with PAS:LF (0ng/mL-1000ng/mL) or PAS:FP59 (0ng/mL-

1000ng/mL) at equal concentrations (molar ratios: PAS:LF 1:0.92; PAS:FP59 1:1.4), alone 

or in combination with carboplatin (50μM) and paclitaxel (2.5nM) in 100µL growth media 

for 48-72 hours. To assess the viability, 0.5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) (Invitrogen) in 1 x PBS was added to each well (10µl) 
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and incubated for 90 minutes at 37ºC. The cells were solubilized with 0.5% (w/v) SDS, 

2.5% 1M HCl (v/v), in 90% (v/v) isopropanol. Absorbance was measured using a 

FlexStation 3® spectrophotometer (ThermoFisher-Molecular Devices) at 570nm and 

600nm (reference wavelength). Values obtained for incubation of cells with PAS toxin 

were normalized to those obtained for untreated cells or cells incubated with LF alone or 

FP59 alone. Dose-response data from replicate experiments were combined and 

logarithmic-transformed to determine a logarithmic trendline equation using Microsoft 

Excel which was used to calculate EC50 values. 

 

2.15. Spheroid formation and viability 

Non-adhesive agarose hydrogels. To investigate tumor cell aggregation, cells were 

seeded at 1-3x104 cells per well on 0.75% agarose-coated 96-well plates. Spheroids self-

assembled after overnight incubation and were visualized using an EVOS FL Auto Cell 

Imaging System (Life Technologies).  

 

Hanging Drop Spheroids. To investigate aggregation and growth of spheroids in 

suspension and in the absence of underlying matrices by the hanging drop method (57,293), 

tumor cells were seeded at 2x104 cells per 10μL drop on the inner surface of 100mm x 

20mm tissue culture dish lids, with 10mL PBS in the lower dish, and the lid was inverted 

and placed on top of the dish. Hanging-drop spheroids were allowed to form over the course 

of 4 days and were visualized and quantified by EVOS FL Auto Cell Imaging System. 
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Morphology quantification. Loosely formed, lacy, scattered, or dispersed, multicellular 3D 

spheroids were qualitatively assessed as “loose”, while spheroids that formed a single, 

compact mass were determined to be “tight”. The number of loose spheroids as a 

percentage of total spheroids per experiment (~48 total replicates for agarose-spheroids, 

~100 total replicates for hanging-drop spheroids) was calculated. For chemical inhibitor 

screening, reagents were added at the time of spheroid seeding. GB-83 (PAR-2 inhibitor) 

was obtained from Axon Medchem. U0126 (ERK1/2 inhibitor), SB202190 (p38 MAPK 

inhibitor), LY294002 (PI3K inhibitor), and GM6001 (MMP inhibitor) were obtained from 

Calbiochem. 

 

Spheroid viability. For anthrax toxin cytotoxicity studies, each spheroid was treated with 

(0ng/mL-5000ng/mL) PAS:LF or PAS:FP59 (as above) in 100µL growth media for 48 

hours. The spheroids were imaged just before the treatment and at the end of 48 hours using 

the EVOS FL Auto Cell Imaging System (Life Technologies). Spheroid viability during 

and after toxin treatment was assessed by comparing the circumferences of the treated and 

untreated spheroids at 0 hours (before treatment) versus 48 hours post treatment using 

ImageJ, and/or by measuring viability at 48 hours with PrestoBlue® (Thermo Fisher; 

colorimetric) of treated spheroids compared to untreated control spheroids according to the 

manufacturer’s instructions. Viability of some patient-derived spheroids were also 

measured using the fluorescence based LIVE/DEAD Viability/Cytotoxicity Assay 

(ThermoFisher) according to manufacturer’s instructions. Green fluorescence (indicating 

viability of spheroids) was measured and compared to untreated control spheroids.   
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Tumorsphere assay. To investigate clonogenic growth in suspension, tumor cells were 

seeded at 5,000 cells per well onto poly-HEMA-coated 24 well plates (Corning) in 

MammocultTM media (StemCell Technologies) and allowed to form tumorspheres over 10 

days. Total number of tumorspheres were counted per well using the EVOS FL Auto Cell 

Imaging System. Diameter of spheroids were measured using the superimposed Grid 

function on the EVOS FL Auto Cell Imaging  System; number of small (<200μm) and 

large (>200μm) tumorspheres was calculated as percentage of total tumorspheres. 

2.16. Homotypic cell-cell adhesion assays 

Confluent tumor cell monolayers were grown on thin-collagen-coated, black-walled, 

96-well plates for 48 hours. Cells labeled with CellTrackerTM Orange CMTMR Dye 

(ThermoFisher) according to manufacturer’s instructions were seeded on top of homotypic 

cell monolayers (e.g. labeled Vec cells seeded onto unlabeled Vec formed monolayers), 

and allowed to adhere for 1 hour at 37oC. Wells were imaged by EVOS and fluorescence 

signal measured at excitation/emission 541/565nm using the FlexStation 3® plate reader 

(pre-wash control). The wells were then washed three times with PBS to remove non-

adherent cells. Remaining labeled adherent cells were imaged by EVOS FL Auto Cell 

Imaging  System and fluorescence measured (post-wash). Cell-cell adhesion is quantified 

as the percent of remaining fluorescent values of adherent cells post-wash relative to pre-

wash fluorescent values.  
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2.17. Spheroid disaggregation on mesothelial monolayers 

 LP9 cells were seeded on black-walled 96-well plates at 6x104 cells per well and 

cultured for 48 hours to form confluent monolayers. Tumor cells were labeled with calcein-

AM (Invitrogen) (50nM final concentration for 30 minutes) and then spheroids were 

formed using the agarose-hydrogel method. Spheroids were removed by pipette and seeded 

onto LP9 monolayers, allowed to adhere for 1 hour, and images of spheroid disaggregation 

were taken by EVOS FL Auto Cell Imaging System every 24 hours for a total of 72 hours. 

Spheroid circumference was measured by ImageJ (NIH) and the percent increase at 72 

hours relative to starting point (0 hours) was calculated to determine spheroid 

disaggregation.  

 

2.18. Spheroid adhesion to mesothelial monolayers 

 Tumor cells were labeled with calcein-AM (50nM) and spheroids were formed 

using the agarose-hydrogel method. LP9 mesothelial cells were seeded at 6x104 cells per 

well onto 24-well plates and allowed to form confluent monolayers for 48 hours. The 

fluorescent-labeled tumor spheroids (~30/well) were seeded onto LP9 monolayers, allowed 

to adhere for 2 hours, and visualized by EVOS FL Auto Cell Imaging. Non-adherent 

spheroids were washed off with PBS and remaining adherent spheroids were visualized by 

EVOS. Numbers of spheroids present on pre- and post-wash images of spheroids were 

quantified using the multi-point tool on ImageJ. 
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2.19. Mesothelial cell clearance 

 LP9 mesothelial cells were seeded at 6x104 cells per well onto 0.2% gelatin-coated 

96-well plates, allowed to form confluent monolayers for 48 hours, and confluent 

monolayers were labeled with calcein-AM (10μM) according to manufacturer’s 

instructions. Spheroids formed using the agarose-hydrogel method were seeded onto LP9 

monolayers and allowed to adhere for 1 hour. Clearance of the fluorescently labeled LP9 

monolayer was visualized by EVOS FL Auto Cell Imaging for 5 hours; area of clearance 

was measured and quantified using the freehand selection tool on ImageJ. The area of 

mesothelial clearance at 5 hours post seeding is calculated as percentage of total 

mesothelial area under the adherent spheroid at time of seeding (0 hours), relative to vector 

control.   

 

2.20. Transwell migration and invasion assays 

OvCa cells were harvested in serum-free media and seeded at 0.5-1x105 cells per 

well onto 6.5mm, 8μm pore size Transwell filters, either uncoated (migration) or Matrigel-

coated (Matrigel invasion). For LP9 mesothelial cell invasion, LP9 cells were seeded at 

6x104 cells per well and grown to a confluent monolayer on thin type I collagen-coated 

(10μg/cm2) Transwell filters for 24 hours. OvCa cells were harvested, stained with calcein-

AM, and seeded at 1x105 cells per well onto LP9 and collagen-coated Transwell filters. 

Bottom chambers were filled with 400μL of serum-containing media to allow cells to 

invade towards a serum gradient. OvCa cells were allowed to migrate or invade for 16 or 

24 hours respectively, after which the top of the Transwell filters were wiped with a cotton 
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swab, and the underneath side was either stained with Kwik-Diff according to 

manufacturer’s instructions (for migration and Matrigel invasion assays) or fixed with PFA 

for 15 minutes and fluorescently labeled invaded cells visualized by EVOS FL Auto Cell 

Imaging System (LP9 invasion assays). All migrated and invaded cells per Transwell were 

counted using the multi-point tool on ImageJ; fluorescence intensity of labeled invaded 

cells in LP9 invasion assays was measured by ImageJ. 

 

2.21. 3D collagen invasion 

OvCa spheroids were grown on agarose-coating overnight and embedded into a 3D 

type I collagen matrix (consisting of DMEM, 7% NaHCO3, HEPES, 0.2% FBS) formed 

on 8-well chamber slides. Collagen-embedded spheroids were monitored and imaged by 

EVOS FL Auto Cell Imaging System at starting point and at 48 hours. The area of spheroid 

invasion was measured by freehand selection tool on ImageJ and is represented as percent 

area increase compared to starting point (0 hours).  

 

2.22. Cell proliferation and doubling time 

OvCa cells were seeded at 1.5-2x105 cells/mL in triplicate wells onto 6 well plates. 

Cells were harvested using non-enzymatic versene dissociation and counted using the 

Countess 3 Automated Cell Counter (ThermoFisher) at 48 and 72 hours post seeding. 

Doubling time was calculated using standard equation (Doubling time = 72 x ln(2) / 

ln(Final Cell #)/Initial concentration) (294)  using cell counts at 0 and 72 hours.  
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2.23. Flow cytometry 

ES-2-Test/VC and ES-2-Mat/Vec cells were washed in PBS, harvested with 

Versene to avoid enzymatic dissociation, and filtered to remove cell clumps. For the 

detection of cell surface PAR-2, cells were maintained in ice cold FACS buffer (PBS, 1% 

FBS and 0.1% sodium azide). Cells were then washed twice in ice cold FACS buffer and 

incubated with mouse anti-human PAR-2 antibody (SAM11; 2μg/mL) on ice for 30 

minutes. Cells were washed in FACS buffer, incubated with goat anti-mouse AlexaFluor 

555 secondary antibody (ThermoFisher) for 15 minutes on ice, and washed again. Dead 

cells and cell doublets or clumps were identified by light scatter profile and excluded from 

analysis. Flow cytometry data were acquired using a LSR Fortessa (BD Biosciences) in 

collaboration with University of Maryland Center for Innovative Biomedical Services 

Flow Cytometry Core, and analyzed with FCS Express software (De Novo Software). 

 

2.24. Animal Experiments 

All animal experiments were conducted in compliance with PHS guidelines for 

animal research and approved by the University of Maryland Baltimore Institutional 

Animal Care and Use Committee (IACUC). 

 

2.24.1. Orthotopic xenograft model of OvCa metastasis: ES-2-Luc Vec and Mat 

Female athymic nude (Nu/Nu) mice (6-8 weeks old) were purchased from Envigo 

(Frederick, MD). ES-2-Vec or ES-2-Mat cells were injected intraperitoneally into mice 

(5x106 cells in 400μL). On Day 4 post cell injection, mice with similar mean photon 
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intensity representing equal average tumor burden were sorted into cohorts of 5 

mice/group. Tumor burden was monitored longitudinally using the in vivo imaging system 

(IVIS) by the UMGCCC Translational Laboratory Shared Service. Briefly the mice were 

injected with 150 mg/kg of D-Luciferin Firefly (Caliper, 760505) and luminescence 

assessed in anesthetized mice by monitoring photon intensity every 5 minutes, up to 30 

minutes using the Xenogen IVIS Spectrum instrument. Peak total photon flux 

(photons/seconds) was determined and corrected for tissue depth by spectral imaging using 

Living Image software (Xenogen). Images shown represent the peak luciferase activity 

levels. Body weight was also monitored daily to ensure overall health and account for 

ascites fluid accumulation. Mice were euthanized at experimental endpoints, and 

necropsies performed in the Antalis laboratory. Ascites fluid was collected by aspiration 

with a plastic transfer pipette and then the peritoneal cavity of each mouse was opened. 

Peritoneal organs including the diaphragm and mesenteric arteries were photographed. 

Tumor foci attached to various areas of the peritoneal cavity and surrounding organs were 

collected and preserved by snap-freezing or fixed in 4% paraformaldehyde (PFA) for 

histological analysis. 

 

2.24.2. Orthotopic xenograft model of OvCa metastasis: ES-2-Luc and  NCI/ADR-Res-

Luc 

Female athymic nude (Nu/Nu) mice (6-8 weeks old) or ovariectomized mice for 

minimal residual disease experiments were purchased from Envigo (Frederick, MD). 

Ovariectomized mice were shipped 1 week post-surgery and allowed to acclimate for 5-7 
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days upon arrival. The metastatic model of NCI/ADR-Res-Luc tumor growth was 

established by injecting different cellular densities of the NCI/ADR-Res-Luc ovarian 

tumor cell line i.p. into female athymic nude (Nu/Nu) mice (295). ES-2-Luc or NCI/ADR-

Res-Luc (5x106 cells in 400 µL) were administered i.p. into mice. Tumor burden was 

monitored longitudinally using IVIS bioluminescence imaging on a weekly or biweekly 

schedule by the UMGCCC Translational Laboratory Shared Service. Mice with similar 

mean photon intensity representing equal average tumor burden were sorted into cohorts 

of 5 mice/group. Mice were injected i.p. with doses indicated in the Figures in a volume of 

400 µL PBS according to the indicated treatment schedules. After the final day of imaging, 

mice were euthanized, and necropsies performed in the Antalis laboratory. The peritoneal 

cavity of each mouse was opened and peritoneal organs including the diaphragm and 

mesenteric arteries were photographed. Organs were collected and fixed in 4% 

paraformaldehyde for histological analysis.  

For survival studies and humane endpoints, mice were euthanized when they exhibited 

substantial weight gain (> 10%), were moribund, or exhibited other signs of significant 

malaise and/or distress due to tumor burden. An increase in body weight of > 10% was the 

primary experimental endpoint in the absence of health conditions caused by tumor burden.  

 

2.24.3. Patient-derived xenograft (PDX) model of OvCa.  

Female NOD.Cg-Rag1<tm1Mom> Il2rg<tm1Wjl>/SzJ (NRG) mice used for these 

studies were purchased from The Jackson Laboratory (007799) and bred by UMB 

veterinary resources. The human OvCa PDX tumor line NCI:572874-153-T was obtained 
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from the NCI Patient-Derived Models Repository (PDMR) and maintained in NRG mice 

by the UMGCCC Translational Laboratory Shared Service. The PDX tumors were excised, 

dissociated into single cell suspensions, and mixed with 33% Matrigel for subcutaneous 

implantation into cohorts of 6-8 week old female NRG mice. Tumor volumes were 

measured in two dimensions using electronic calipers and volume calculated by [length × 

width2 × 0.52]. When tumors reached at least 100 mm3, mice were randomized and sorted 

into groups (n = 3-5/group) so that the mean tumor volume between groups was similar. 

Mice were observed daily, weighed 2 times per week, and tumor volume was measured 

once per week. Mice were injected with the indicated doses in a volume of 50 µL 

(intratumoral) or 400 µL (i.p) according to the treatment schedules indicated in the Figures 

by the UMGCCC Translational Laboratory Shared Service. Mice were euthanized when 

tumors reached 1 cm3, showed necrosis or if mice reached humane endpoints. At 

termination, tumors were excised, weighed, and then fixed in 4% paraformaldehyde for 

histological analysis. Major organs (liver, kidney, and colon) were also collected and fixed 

in 4% paraformaldehyde for histopathological analyses. 

 

2.24.4. Histopathological analyses. 

Fixed tissues were embedded in paraffin and 5 μm-thick sections were cut, 

deparaffinized, and stained with hematoxylin and eosin (H&E) using standard procedures. 

For immunohistochemical analyses, sections were deparaffinized and heat induced antigen 

retrieval was performed using citrate buffer pH 6.0. Sections were then washed twice in 

TBS, blocked for 1 hr at room temperature with 10% goat serum+1% BSA in TBS and 
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incubated overnight at 4°C with the primary antibody diluted in 1% BSA in TBS. Hydrogen 

peroxidase blocking with 0.3% H2O2 in TBS was performed after primary antibody 

incubation. Sections were washed twice and incubated with biotinylated secondary 

antibody for 1 hr at room temperature. Detection of specific antigens was performed by 

development with the Vectastain Elite ABC Kit (Vector Laboratories). Sections were 

incubated with diaminobenzidine (DAB) substrate-chromogen solution for 4.5 minutes. 

Slides were counterstained with hematoxylin prior to being dehydrated and mounted with 

PermaMount. Images of slides were obtained by the EVOS FL Auto Cell Imaging System. 

All tissues were completed in a single run for consistency and staining was completed by 

Nadire Duru (Antalis Laboratory).  

 

2.24.5. PAS Toxicity analysis.  

Female CD1 mice (Envigo, Frederick, MD) were challenged with vehicle (PBS) or 

2 treatment doses of PAS:LF (15μg PAS:5μg LF and 45μg PAS:15μg LF) 3 times a week 

for 2 weeks by i.p. injection. At endpoint, mice were euthanized and whole blood was 

collected in K2 EDTA tubes (BD) for complete blood counts and serum collected after 

clotting for chemical analyses (VRL Laboratories, Gaithersburg, MD). Major organs were 

removed, weighed, and colon lengths measured. Colons were emptied, washed and 

prepared using the Swiss roll technique (296). Tissues were fixed in 4% paraformaldehyde, 

paraffin-embedded, H&E stained (Histoserv, Inc., Germantown, MD). 10X, 20X, and 40X 

images were captured using the EVOS FL Auto Cell Imaging System. Spleen weights are 

expressed as % body weight and were recorded as an indicator of inflammation. 
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2.25. Isolation of human OvCa cells from ascites fluid 

De-identified patient tumor cells and ascites fluids were used in this study and were 

provided by Dr. Dana Roque, Dr. Gautam Rao, and Dr. Jocelyn Reeder, Department of 

Obstetrics, Gynecology and Reproductive Sciences, UMB. Ascites and tumor tissues were 

recovered at the time of surgery at the University of Maryland Medical Center in excess of 

pathology requirements with informed consent under protocol GCC1488. This study was 

approved by the Institutional Review Board of the University of Maryland, Baltimore. The 

study was conducted in accordance with the Declaration of Helsinki. Ascites fluids were 

centrifuged at 1,000 x g for 10 minutes at room temperature and supernatant fluid was 

preserved for subsequent ELISA analyses. Cells were resuspended in ACK lysis buffer for 

10 minutes to remove red blood cells. Cytospins from the cell suspension were prepared 

and stained with Kwik-DiffTM for morphological analysis or PFA-fixed and 

immunostained for key ovarian tumor cell markers CA125 (MUC16 ab133419) and PAX8 

(ProteinTech 10336-1-AP) to confirm tumor cell purity and to calculate the percentage of 

tumor cells in the preparations. Stained cytospins were imaged using EVOS Imaging 

system and signals quantified using ImageJ (NIH). Cells were visualized and counted with 

a hemacytometer and adjusted to a concentration of ~2 × 107 cells per mL for seeding on 

agarose-coated 96 well plates for 24 hours to generate organotypic multicellular spheroids. 

The spheroids were subjected to PAS:LF toxin treatment and viability assessed by 

quantification of spheroid size, PrestoBlueTM, or LIVE/DEAD viability assay as described 

above. 
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2.26. Statistical analysis 

Statistical analyses were conducted using GraphPad Prism 8 (GraphPad Software 

Inc. San Diego, CA). Student’s unpaired t-test was used to evaluate significant differences 

in in vitro studies and tumor burden in in vivo studies. Ovarian Cancer mRNA gene chip 

data was obtained for Kaplan-Meier survival analysis from KMPlotter using all probe sets 

per gene (297); curves were generated using GraphPad Prism software and significance 

was tested by Log-rank (Mantel-Cox) Test. Simple linear regression analysis was used for 

correlation analysis of soluble E-cadherin levels and matriptase:HAI-1 ratios.



 
 
 
 

2This chapter contains excerpts from a manuscript submitted to Cancer Research entitled 
“Matriptase promotes peritoneal dissemination of ovarian cancer spheroids by activating a 
PAR-2/PI3K/Akt/MMP-9 signaling axis” (2022) of which I serve as first-author. 
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CHAPTER 3.  A NOVEL SIGNALING AXIS OF MATRIPTASE/PAR-

2/PI3K/AKT/MMP-9/E-CADHERIN IN METASTATIC DISSEMINATION 

OF OVARIAN CANCER SPHEROIDS2 

 
3.1. Introduction 

Treatment of advanced OvCa remains a challenge due to frequency of passive 

dissemination, recurrence of advanced, aggressive tumors, and lack of molecular 

understanding of metastatic processes to develop effective targeted therapies. HGSC make 

up the majority of OvCa cases (around 75%) and are generally more aggressive leading to 

higher patient mortality. During OvCa progression, tumor cells are shed from the primary 

tumor mass as single cells or multicellular spheroid aggregates, which passively 

disseminate throughout the peritoneal cavity and seed the surface of various peritoneal 

organs (29). There is increasing evidence for the importance of spheroids in impeding 

effective treatment by conferring chemoresistance and directing the metastatic seeding of 

surrounding peritoneal organs. Matriptase is highly expressed in OvCa, while it is low to 

undetectable in normal ovaries. In the studies outlined in this chapter, we have identified 

that overactive matriptase activity, caused at least in part by an increased ratio of matriptase 

to its endogenous inhibitor hepatocyte growth factor activator inhibitor 1 (HAI-1), is a 

novel orchestrator of the properties of OvCa multicellular spheroids and promoter of OvCa 

peritoneal dissemination. Matriptase activity targets the G-protein-coupled protease-
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activated receptor-2 (PAR-2) and significantly shifts the properties of spheroids towards 

metastasis-associated behaviors, including enhanced adhesion to the mesothelial cell 

lining, disaggregation, mesothelial cell retraction, and sub-mesothelial invasion. These 

activities are dependent on PAR-2 activation of a PI3K/Akt signaling pathway and 

upregulation of MMP-9, resulting in cleavage and loss of E-cadherin, which disrupts cell-

cell adhesions and promotes formation of pro-metastatic loose spheroids. This study 

unveils a novel signaling axis that provides new insight into the functional interplay 

between cell surface serine proteases and cell-cell interaction networks during OvCa 

dissemination and metastasis, which can be utilized for the development of targeted 

therapies. 

 

3.2. Results 

3.2.1. Increased matriptase:HAI-1 ratio is associated with more aggressive OvCa.  

Analysis of publicly available gene chip data by Kaplan-Meier plot (297) reveals 

poor progression-free survival (PFS) of patients with high matriptase mRNA expression 

and low HAI-1 mRNA expression across all subtypes and stages, supporting the 

importance of an imbalanced matriptase:HAI-1 ratio for advancing OvCa (Fig. 3.1A). 

Conversely, patients with low matriptase mRNA expression and high HAI-1 mRNA 

expression have dramatically improved progression free survival (Fig 3.1B), and high 

HAI-1 mRNA levels amongst patients with high matriptase mRNA levels also improves 

progression free survival (Fig 3.1C), supporting the protective role of HAI-1 in opposing 

deregulated and enhanced matriptase activity. Malignant HGSC cell lines 
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Figure 3.1. Increased matriptase:HAI-1 ratio is associated with poor OvCa patient 
survival 
Publicly available TCGA data was analyzed using KMPlotter (297). (A) Kaplan-Meier 
progression-free analysis of publicly available gene chip data comprising OvCa patients 
across all stages with low HAI-1 expression (n=281; log rank p = 0.026). (B) Kaplan-
Meier analysis of the effect of HAI-1 expression on progression-free survival of a cohort 
of 281 OvCa patients across all stages with low matriptase expression (log rank p = 
0.0079). (C) Kaplan-Meier analysis of the effect of HAI-1 expression on progression-
free survival of a cohort of 326 OvCa patients across all stages with high matriptase 
expression (log rank p = 0.0024). All patients were also within lower quartile of CA125 
mRNA expression. Survival analysis was conducted on GraphPad Prism Software. 
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(298) OVCAR3, CAOV3, and COV362, also express high levels of matriptase mRNA and 

protein compared to immortalized ovarian surface epithelial cells (IOSE397) (Fig 3.2A). 

The high matriptase:HAI-1 ratios are consistently associated with increased cell surface 

serine protease activity compared to non-malignant IOSE397 cells, measured by hydrolysis 

of a fluorogenic substrate (Table 3.1). 

 

3.2.2. An increased matriptase:HAI-1 ratio confers enhanced late-stage peritoneal 

dissemination of ovarian tumors in a xenograft model of OvCa..  

To determine the specific effect of deregulated matriptase in OvCa peritoneal 

dissemination, plasmids encoding matriptase or vector alone were co-transfected along 

with HAI-1 into ES-2-Luc cells, to generate stable Mat and Vec cell lines. ES-2 is a HGSC 

cell line which expresses low to negligible endogenous expression of both matriptase and 

HAI-1, and a relatively low matriptase:HAI-1 protein ratio (Fig. 3.2 and Table 3.1). Mat 

cells displayed increased matriptase and HAI-1 mRNA and protein expression (Fig. 

3.2A,C), with a substantial increase in the matriptase:HAI-1 mRNA and protein ratios 

(Table 3.1) and increased serine protease activity compared to Vec control cells (Fig. 3.3, 

Table 3.1), as measured using the Boc-QAR-AMC peptide substrate. This quenched 

fluorogenic substrate corresponds to the preferred cleavage site of matriptase and other 

trypsin-like proteases, and fluorescence values that are sensitive to the serine protease 

inhibitor AEBSF confirm matriptase overactivity. Consistent with reports in the literature, 

matriptase expressing ES-2-Mat cells also exhibited increased migration and invasion 
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Figure 3.2. Matriptase is highly expressed in HGSC cell lines 
(A) mRNA collected from IOSE397, 5 HGSC OvCa cell lines, and ES-2, NCI/ADR-
Res, and SKOV3 Vec and Mat cells was analyzed by qPCR for matriptase (ST14) and 
HAI-1 (SPINT1) mRNA expression. Data represents average mRNA expression 
normalized to GAPDH (2-ΔCT) ± SEM from 2-3 independent experiments performed in 
triplicate (#p<0.05 compared to IOSE397 cells; *p<0.05, ****p<0.001 Mat cells 
compared to respective Vec controls). (B) Whole cell protein lysates of IOSE and OvCa 
cell lines or (C) ES-2, NCI/ADR-Res, and SKOV3 Vec/Mat cells were assessed by SDS-
PAGE and immunoblotted for rabbit anti-human matriptase, mouse anti-HAI-1, and 
rabbit anti-human β-tubulin. Upper matriptase band (~90kDa) represents full-length 
matriptase, while 70kDa fragment represents matriptase zymogen (left panels). 
Densitometric analysis was conducted with ImageJ and represents average densitometric 
units normalized to β-tubulin and relative to IOSE397 or respective Vec controls, ± SEM 
from 2 independent experiments (right panels, *p<0.05, **p<0.01, ***p<0.005). 
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Cell line 

Matriptase:HAI-1 Ratio  Serine Protease 
Activity           

 (Fold change ± 
SEM)3 

Spheroid 
Phenotype4 mRNA (x 

10⁻²)1 Protein2 

IOSE397 0.3 0.4 1.00 tight 
ES-2 58.3 1.3 3.19 (± 0.14) tight 

NCI/ADR-Res 47.6 2.6 6.70 (± 0.88) tight 
OVCAR3 93.0 277.5 20.64 (± 0.10) loose 
CAOV3 225.4 56.9 11.94 (± 1.93) loose 
COV362 38.8 38.8 38.98 (± 3.78) loose 
ES-2 Vec 6.4 0.0* 1.00 tight 
ES-2 Mat 238.5 23.0 3.26 (± 0.22) loose 

NCI/ADR-Res Vec 0.2 0.0* 1.00 tight 
NCI/ADR-Res Mat 386.3 19.6 4.02 (± 0.84) loose 

SKOV3 Vec 1.7 0.0* 1.00 tight 
SKOV3 Mat 314.9 5.4 2.78 (± 0.002) loose 

 
Table 3.1. Matriptase:HAI-1 ratios and effects on cell surface protease activity and 
spheroid phenotype across OvCa cell lines 
1 mRNA. Matriptase:HAI-1 ratios of mRNA expression levels (relative to GAPDH) were 
determined by q-PCR analysis. 
2 Protein. Matriptase:HAI-1 ratios of protein expression levels (relative to β-tubulin) 
were determined by SDS-PAGE, immunoblotting, and densitometric analysis by ImageJ 
(NIH).  
3 Serine Protease Activity. AEBSF-sensitive cell surface serine protease activity was 
measured using Boc-QAR-AMC fluorogenic peptide. Fold change of endpoint 
fluorescent values (normalized to cell number) was calculated relative to IOSE397 cells 
(for ES-2, NCI/ADR-Res, OVCAR3, CAOV3, COV362 cells) and relative to respective 
Vec controls for ES-2 Mat, NCI/ADR-Res Mat, and SKOV3 Mat cells.  
4 Spheroid phenotype. Spheroids were formed on agarose hydrogel overnight and 
phenotype was visualized and assessed by EVOS. 
*Vec cells did not display detectable bands by immunoblotting, thus resulting in a zero 
value for matriptase protein levels and matriptase:HAI-1 ratio. 
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Figure 3.3. Characterization of ES-2 Vec and Mat expressing cell lines 
(A) Activity. AEBSF-sensitive cell surface serine protease activity was measured in ES-
2 Vec and Mat cells over 240 min using the Boc-QAR-AMC fluorogenic peptide; 
representative time course is shown (left panel). Right panel shows average fold change 
of activity (± SEM) at endpoint relative to Vec from 3 independent experiments 
performed in triplicate (*p<0.05). (B) Migration and Invasion. ES-2 Vec and Mat cells 
were seeded onto uncoated or Matrigel-coated Transwell filters, allowed to migrate or 
invade for 16-24 hours, stained by Kwik-Diff, and quantified by ImageJ; data represents 
average migration/invasion (± SEM) relative to Vec from 2-3 independent experiments 
performed with 2-4 replicates (*p<0.05, **p<0.01). (C) Proliferation.  ES-2 Vec and 
Mat cells were seeded at equal density onto 6-well plates in triplicate and cells were 
counted after 48 and 72 hours. Doubling time calculated from 72-hour cell counts 
showed no significant difference. 
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(Fig. 3.3B), with no effect on proliferation or doubling time (Fig. 3.3C). 

 

We have developed an ES-2-Luc xenograft model reproduces key events of late-stage 

ovarian cancer with the development of malignant ascites fluid containing floating tumor 

spheroids and disseminated tumor foci attached to the walls of the abdominal cavity and 

surrounding peritoneal organs (299). To investigate the role of overactive matriptase in 

vivo, female athymic nude mice were injected intraperitoneally (i.p.) with Mat or Vec cells 

and tumor burden was monitored longitudinally by luminescence using the Xenogen in 

vivo imaging system (IVIS) over the course of 11 days (Fig. 3.4A). Mice bearing Mat 

tumors exhibited significantly increased tumor burden by Day 7 (~2.0-fold) and Day 11 

post tumor cell injection (2.2-fold), compared to mice bearing Vec tumors (Fig. 3.4A). 

Mice carrying Mat tumors also developed malignant ascites fluid, indicative of substantial 

i.p disseminated tumor burden, whereas ascites was not detected in mice bearing Vec 

tumors (Fig. 3.4B). Upon necropsy, tumor cells and spheroids were present floating in the 

ascites fluid, and loosely attached to the surface of peritoneal organs, as well as invaded 

into some tissues, similar to those found in relapsed and advanced human OvCa patients 

(29,300,301). Molecular analysis of Vec and Mat tumor cells recovered upon necropsy 

confirmed that Mat tumors had retained increased matriptase mRNA expression (Fig. 

3.4C), confirming that the ascites accumulation and metastatic tumor burden was indeed 

due to enhanced matriptase. 
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Figure 3.4. Increased matriptase:HAI-1 ratio enhances in late-stage OvCa 
progression in a murine xenograft model of ovarian intraperitoneal tumor 
metastasis 
(A) Stable ES-2 Vec and Mat cell lines expressing luciferase were injected i.p. into 
female nude mice (5x106 cells per mouse, n=5 mice/group) and tumor burden monitored 
over time. IVIS imaging (Xenogen) was monitored at Days 4, 7, and 11 post cell 
injection; images represent peak luciferase activity levels in the individual mice. Mean 
photon intensity measured on the abdomen was quantified per mouse (**p<0.01, 
***p<0.005). (B) Volume of ascites fluid recovered from peritoneal cavity upon 
necropsy was measured (*p<0.05). (C) Tumor samples recovered from metastatic sites 
in peritoneal cavities in mice upon necropsy were analyzed by qPCR for matriptase 
mRNA expression and normalized to luciferase mRNA expression to only account for 
tumor cells (****p<0.001). (D) Upon necropsy, intraperitoneal tumor burden of mice 
bearing ES-2 Vec and Mat tumors on the diaphragm was visualized. Differences in tumor 
morphology are indicated by yellow arrows.  
 



 
 
 
 

84 
 

 3.2.3. OvCa tumor xenografts expressing an elevated matriptase:HAI-1 ratio form 

smaller, more punctate multicellular tumor nodules compared to control xenografts.  

The increased tumor burden in mice bearing Mat tumors was associated with substantially 

increased numbers of distinct, small grape-like tumor nodules on the diaphragm and spread 

throughout the peritoneal cavity, compared to the larger more compact tumor nodules in 

mice bearing Vec tumors (Fig. 3.4D). This distinct morphological difference in tumor 

nodules was unexpected and suggested that increased matriptase modulates the phenotypic 

properties of multicellular spheroids by shifting heterogenous spheroid populations (57) 

towards a loose, easily disseminated morphology. 

 

3.2.4. Increased matriptase:HAI-1 ratio confers a loose, scattered multicellular spheroid 

phenotype on non-adhesive agarose hydrogels.  

Three dimensional (3D) multicellular spheroids can be formed in vitro and are 

thought to recapitulate tumor cell clusters that are more representative of the in vivo 

microenvironment than two-dimensional cell cultures. To specifically investigate the effect 

of overactive matriptase on the formation of 3D multicellular spheroid aggregates in vitro, 

Mat and Vec spheroids were formed using a liquid overlay technique with a non-adhesive, 

inert agarose hydrogel to induce spheroid aggregation in a low-attachment environment. 

Inspection of the resulting self-assembled spheroids revealed that Mat cells formed a higher 

percentage of loose, grape-like 3D spheroids (53,302) compared to the Vec control cells 

(Fig. 3.5A). To determine whether this phenotype was generally observed, we co-

expressed matriptase and HAI-1 in additional HGSC cell lines with low 
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Figure 3.5. The increased matriptase:HAI-1 ratio confers a loose, scattered 
multicellular spheroid phenotype on non-adhesive agarose hydrogels 
(A) ES-2, (B) NCI/ADR-Res, and (C) SKOV3 Vec or Mat cells were seeded onto 0.75% 
agarose hydrogel in 96-well plates and allowed to form spheroids overnight. Spheroid 
morphology was visualized by EVOS FL Imaging System and representative images are 
shown at 4X magnification (left panels). Percentage of loose spheroids was quantified 
(right panels); data represents average ± SEM of 2-3 independent experiments performed 
with 48 spheroid replicates each (*p<0.05, **p<0.01,a ***p<0.001). 
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matriptase:HAI-1 ratios, NCI/ADR-Res and SKOV3. Matriptase and HAI-1 expression in 

the generated Mat and Vec cell lines was characterized by qPCR and immunoblot analyses 

(Fig. 3.2A,C). All Mat cell lines had elevated matriptase:HAI-1 ratios (Table 3.1) and 

displayed elevated cell surface serine protease activity (Fig. 3.6, Table 3.1). We found that 

the NCI/ADR-Res and SKOV3 Mat spheroids also formed looser spheroids compared to 

their respective Vec control lines (Fig. 3.5B-C), similar to the loose, disaggregated 

phenotype observed with ES-2-Mat spheroids.  

 

Consistent with the effects of dysregulated matriptase in other cell systems (158,303-305), 

all three ES-2, NCI/ADR-Res and SKOV3 Mat cell lines displayed enhanced migration 

through Transwells and enhanced invasion through Matrigel matrices compared to their 

corresponding Vec control lines (Fig 3.3B-C, Fig. 3.6). The overactive matriptase did not 

offer any proliferative advantage or affect cell doubling time in either ES-2, NCI/ADR-

Res or SKOV3 cells (Fig 3.3B-C, Fig. 3.6). 

 

3.2.5. The elevated matriptase:HAI-1 ratios in HGSC cell lines and patient-derived 

tumors are associated with loose, scattered multicellular spheroids.  

HGSC cell lines (CAOV3, OVCAR3, and COV362) which have high 

matriptase:HAI-1 ratios and display enhanced protease activity (Table 3.1), and ascites-

derived tumor cells from 2 OvCa patients (36-OvCa-A and 37-OvCa-A) formed loosely 

aggregated spheroids (Table 3.1, Fig. 3.7). IOSE397 cells formed tight, compact 

spheroids, similar to ES-2, NCI/ADR-Res or SKOV3 Vec cells with low 
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Figure 3.6.  Characterization of NCI/ADR-Res and SKOV3 Vec and Mat 
expressing cell lines 
(A) NCI/ADR-Res and (B) SKOV3 Vec and Mat cells were analyzed for AEBSF-
sensitive cell surface serine protease activity using Boc-QAR-AMC peptide substrate 
over 240 minutes. Representative time course is shown (left panel); average fold change 
of activity at endpoint relative to Vec was calculated from 3 independent experiments 
(±SEM) performed in triplicate (right panel, *p<0.05). Migration and Invasion. Vec 
and Mat cells were seeded onto uncoated or Matrigel-coated Transwell filters, allowed 
to migrate or invade for 16-24 hours, stained by Kwik-Diff, and quantified by ImageJ; 
data represents average migration/invasion relative to Vec ±  SEM from 2-3 independent 
experiments performed with 2-4 replicates (*p<0.05, **p<0.01). Proliferation. Vec and 
Mat cells were seeded at equal density onto 6-well plates in triplicate and cells were 
counted after 48 and 72 hours. Doubling time calculated from 72 hour cell counts showed 
no significant difference. ES-2 and NCI/ADR-Res cell lines represent 2 distinct OvCa 
subtypes and thus were the focus of subsequent studies. 
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Figure 3.7. The increased matriptase:HAI-1 levels and elevated matriptase activity 
in HGSC cell lines and patient-derived tumors are associated with loose, scattered 
multicellular spheroids 
Non-malignant IOSE397 cells, endogenous matriptase expressing HGSC cell lines 
(CAOV3, OVCAR3, COV362) and patient ascites-derived tumor cells from 2 patients 
(36-OvCa-A and 37-OvCa-A) were seeded onto 0.75% agarose hydrogels in 96-well 
plates and allowed to form spheroids overnight. Representative images are shown at 4X 
magnification. 
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matriptase:HAI-1 ratios (Table 3.1, Fig. 3.5, Fig. 3.7). These data show the importance of 

matriptase:HAI-1 ratio as a determinant of spheroid morphology across a range of OvCa 

cells. 

 

3.2.6. An increased matriptase:HAI-1 ratio confers loose, grape-like multicellular 

spheroids in hanging drop suspension that is dependent on matriptase activity.   

In addition to spheroid aggregation on non-adhesive hydrogels, spheroids can be 

generated under free-floating conditions using the hanging drop method, thus avoiding any 

substratum contacts (57,293,306). This method enables cells to accumulate at the free-

liquid-air interface mimicking aspects of the ascites fluid microenvironment (307). When 

formed by the hanging drop method, ES-2 and NCI/ADR-Res Mat cells form loose, 

dispersed, and grape-like 3D aggregates compared to the tighter spheroids formed with 

Vec cells (Fig. 3.8), similar to those formed on non-adhesive agarose hydrogels. When 

incubated with the A11 blocking antibody that inhibits matriptase catalytic activity (148) 

(Fig. 3.3A), ES-2 and NCI/ADR-Res Mat reverted to a tighter phenotype, similar to their 

respective Vec controls (Fig. 3.8), demonstrating that the loose spheroid phenotype is 

dependent on matriptase proteolytic activity.  
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Figure 3.8. Matriptase activity promotes formation of smaller loose, disaggregated 
multicellular hanging drop spheroids 
(A) ES-2 Mat cells were analyzed for AEBSF-sensitive cell surface serine protease 
activity in the presence of the matriptase blocking antibody A11 to determine optimal 
dose for matriptase inhibition. Representative time course over 4 hours is shown (left 
panel); average (± SEM) fold change of cell surface protease activity at endpoint from 2 
independent experiments performed in triplicate is shown (right panel) (*p<0.05; ns=not 
significant). (B) ES-2 and NCI/ADR-Res Vec or Mat cells were seeded in 10μL droplets 
(2x104 cells/drop), inverted on the lid of a 10cm dish and allowed to form hanging drop 
spheroids for 4 days. Some were formed in the presence of matriptase-blocking antibody 
A11 (100nM). Hanging drop spheroids were visualized by EVOS (representative images 
shown at 4X magnification) and percentage of loose spheroids was quantified under each 
condition; data represents average of 3-5 independent experiments ± SEM performed 
with ~100 hanging-drop replicates each (****p<0.001, ns = not significant). 
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3.2.7. Cell-cell adhesive properties of loose spheroids with increased matriptase:HAI-1 

ratio.  

  Multicellular spheroid formation and ‘tightness’ depends on homotypic cell 

adhesion (9). The effect of increased matriptase activity on the cell-cell adhesive properties 

of ES-2 and NCI/ADR-Res Mat and Vec spheroids was investigated by several methods.  

 

Matriptase activity disrupts homotypic cell-cell interactions. Fluorescently labeled ES-2 

Vec or Mat and NCI/ADR-Res Vec or Mat cells were seeded on to their respective 

homotypic cell monolayers and fluorescently labeled adherent cells were measured. ES-2 

and NCI/ADR-Res Mat cells were significantly less cell-adhesive compared to their Vec 

counterparts (Fig. 3.9A). Inhibition of matriptase activity by A11 attenuated this decrease 

in cell-cell adhesion between homotypic Mat cells (Fig. 3.9A), confirming that matriptase 

proteolytic activity is directly involved in disrupting homotypic cell-cell adhesion to 

promote loose spheroids.  

 

Matriptase activity enhances spheroid disaggregation. When spheroids come in contact 

with the mesothelium, they disaggregate on the mesothelial lining, and previous published 

studies have shown that spheroids with extensive and tight cell-cell connections have 

hindered ability to disaggregate (49). To investigate the effect of matriptase expression on 

spheroid disaggregation, fluorescently labeled spheroids were seeded on top of a confluent 

monolayer of LP9 mesothelial cells derived from primary peritoneal mesothelial cells. ES-

2 and NCI/ADR-Res Mat spheroids exhibited a significantly higher percent increase 
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Figure 3.9. Matriptase activity disrupts homotypic cell-cell interactions, enhances 
spheroid disaggregation, and increases spheroid clonogenic growth 
(A) Cell-cell adhesion. ES-2 and NCI/ADR-Res Vec or Mat cells were seeded onto a 
black-walled 96-well plate and allowed to form a monolayer for 48 hours. Cells were 
labeled with CellTrackerOrangeTM as per manufacturer’s instructions and seeded on top 
of corresponding homotypic monolayers and allowed to adhere for 2 hours, treated with 
either vehicle (PBS) or with 100nM A11. Fluorescent cells were visualized by EVOS, 
and fluorescence intensity was measured by FlexStation3 plate reader; cells were washed 
twice with PBS and remaining fluorescence of adherent cells was measured and 
visualized. Representative images of adherent cells (red) on homotypic monolayers 
(greyscale) are shown at 4X magnification. Data represents average percent remaining 
fluorescence ± SEM from 2-3 independent experiments performed with 6 replicates each 
(*p<0.05, **p<0.01, ns = not significant). (B) Spheroid disaggregation. LP9 
mesothelial cells were seeded onto collagen-coated 96-well plates and allowed to form 
a confluent monolayer for 48 hours. ES-2 and NCI/ADR-Res Vec or Mat spheroids were 
formed on agarose hydrogel overnight and labeled with calcein-AM according to 
manufacturer’s instructions (ThermoFisher). Labeled spheroids were seeded onto 
formed LP9 monolayers in the presence of vehicle control (DMSO) or 100nM A11 and 
visualized for 72 hours by EVOS; representative images are shown at 4X magnification. 
Percent increase in spheroid size from starting point (0 hours) was quantified by ImageJ; 
data represents average of 2-3 independent experiments performed with 6 replicates each 
(**p<0.01, ***p<0.005, ns = not significant). (D) Spheroid clonogenic growth. ES-2 
and NCI/ADR-Res Vec or Mat cells were seeded at low-density onto poly-HEMA coated 
24 well plates in MammocultTM media and allowed to form tumorspheres for 10 days. 
Tumorspheres were visualized by EVOS (representative images are close-up images of 
10X magnification). Total tumorsphere number was counted, and percentage of 
tumorspheres <200μM or >200μM (measured by EVOS) was calculated per well. Data 
represents average ± SEM of 3 independent experiments performed with 4-6 replicates 
each (*p<0.05, **p<0.01, ***p<0.005).   
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in spheroid area after 72 hours compared to Vec spheroids (Fig. 3.9B), demonstrating 

enhanced propensity for disaggregation and decreased spheroid tightness. Matriptase 

inhibition with A11 attenuated the matriptase-mediated increase in spheroid disaggregation 

relative to Vec controls (Fig. 3.9B), further showing that matriptase proteolytic activity is 

involved in disruption of spheroid cell-cell interactions.  

 

Altogether, these data confirm that matriptase expression and proteolytic activity play a 

major functional role in disrupting cell-cell interactions and promoting loose spheroid 

morphology in two different OvCa cell models, and that matriptase-mediated disruption of 

spheroid interactions may be a novel mechanism to facilitate OvCa dissemination. 

 

Matriptase activity promotes clonogenic growth of tumorspheres. Disseminated OvCa 

spheroid populations can maintain self-renewal and clonogenic growth capabilities in 

ascites, thus propagating minimal residual disease that leads to aggressive, recurrent 

disease post-cytoreductive surgery. Tumorsphere formation in stem-cell enriching 

MammocultTM media supports proliferation and growth as spherical clusters of stem-like 

cells. ES-2 and NCI/ADR-Res Mat cells formed significantly more tumorspheres 

compared to their respective Vec controls (Fig. 3.9C) demonstrating enhanced tumor 

propagation and clonogenic growth capabilities, consistent with enhanced disseminated 

tumor burden observed in vivo. Additionally, a significantly higher percentage of Mat 

tumorspheres were smaller than 200μm, whereas vector control spheroids had a higher 
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percentage that were larger than >200μm (Fig. 3.9C), further demonstrating the role of 

matriptase in inducing the formation of smaller spheroid aggregates. 

 

3.2.8. Increased matriptase activity enhances metastasis-associated spheroid behaviors.  

Loss of spheroid forming capabilities has been associated with increased migration 

and invasion (33). On the basis of observed matriptase-mediated loose spheroid 

morphology and disrupted cell-cell interactions, we further investigated the functional role 

of matriptase in mediating secondary critical steps of OvCa metastasis that require 

transition from free-floating spheroids to establishment of secondary tumors throughout 

the peritoneal cavity 

.  

Matriptase enhances adhesion to mesothelial monolayers. Once disseminated in the 

peritoneal cavity, OvCa spheroids typically adhere to the mesothelial cell lining of the 

peritoneal cavity to facilitate seeding of secondary lesions. ES-2 and NCI/ADR-Res Vec 

and Mat spheroids were seeded onto a monolayer of LP9 mesothelial cells grown to 

confluence on a thin collagen coating to represent the peritoneal lining during OvCa 

dissemination. Matriptase-expressing ES-2 and NCI/ADR-Res spheroids were 

significantly more adhesive to the LP9 mesothelial monolayer compared to respective Vec 

control spheroids (Fig. 3.10).  
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Figure 3.10. Matriptase expression promotes spheroid adhesion to mesothelial 
monolayer 
(A) ES-2 and (B) NCI/ADR-Res Vec or Mat spheroids labeled with calcein-AM formed 
on agarose hydrogel were seeded onto LP9 monolayers (formed on thin collagen-coated 
24-well plates). Spheroids were allowed to adhere for 1 hour and washed 3 times with 
PBS; adherent spheroids were visualized and counted pre-and post-wash by EVOS. 
Representative images of stitched whole well scans (4X magnification) are shown. Data 
represents fold change of percent adherent spheroids relative to Vec (average of 3 
independent experiments ± SEM performed in triplicate, *p<0.05, **p<0.01). 
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Matriptase enhances spheroid-mediated mesothelial clearance. Upon successful initial 

adhesion, OvCa spheroids mediate retraction and clearance of the mesothelial cell lining 

before developing a metastatic deposition (301). Three hours after adhering to 

fluorescently labeled confluent LP9 mesothelial monolayers, ES-2 and NCI/ADR-Res Mat 

spheroids mediated significantly enhanced clearance of mesothelial monolayers compared 

to corresponding Vec control spheroids, ~5 and 3.5-fold respectively (Fig. 3.11).  

 

Matriptase enhances invasion through mesothelial monolayers and into the sub-

mesothelial collagen-laden matrix. Upon successful penetration of the mesothelial cell 

layer and basal lamina, advanced ovarian tumors must be able to invade through the 

collagen-laden sub-mesothelial matrix to propagate secondary tumors. Matriptase 

expressing ES-2 and NCI/ADR-Res cells were significantly more invasive through LP9 

mesothelial monolayers and collagen (Fig. 3.12A). Further, when  ES-2 and NCI/ADR-

Res Vec and Mat spheroids were embedded into a 3D type I collagen gel, Mat spheroids 

displayed a significantly increased area of invasion relative to Vec spheroids (Fig. 3.12B).  

 

Altogether, these data demonstrate a functional role for increased matriptase activity to 

promote the transition from condensed, tight spheroids to a loose spheroid, invasive 

phenotype in an in vivo orthotopic xenograft model of advanced OvCa and in two in vitro 

models of OvCa. 
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Figure 3.11. Matriptase expression promotes spheroid clearance of mesothelial 
monolayer 
(A) ES-2 and (B) NCI/ADR-Res Vec or Mat spheroids formed on agarose hydrogel were 
seeded onto formed LP9 mesothelial monolayers labeled with calcein-AM; mesothelial 
clearance was visualized by EVOS (representative images shown at 4X magnification). 
Area of clearance was quantified by ImageJ and calculated as percent of total spheroid 
area. Data is represented as average fold change of percent clearance area relative to Vec 
from 2-3 independent experiments performed with 6 replicates each (±  SEM; **p<0.01). 
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Figure 3.12. Matriptase expression promotes invasion through mesothelial 
monolayer into sub-mesothelial matrix 
(A) ES-2 and NCI/ADR-Res Vec or Mat cells labeled with calcein-AM were seeded onto 
Transwell filters coated with thin collagen and an LP9 mesothelial monolayer; after 24 
hours, invaded cells were fixed with PFA, visualized by EVOS, and quantified by 
ImageJ. Data represents average ratio of invaded cells relative to Vec (± SEM) from 2-
3 independent experiments performed in triplicate (**p<0.01). (B) ES-2 and NCI/ADR-
Res Vec or Mat spheroids formed on agarose hydrogel were embedded into a 3D type I 
collagen matrix in chamber slides and allowed to invade for 48 hours; spheroids were 
visualized with EVOS (representative images shown at 4X magnification) and fold 
change of percent invasion relative to Vec was quantified by ImageJ (average± SEM of 
2 experiments performed with 6-8 replicates, *p<0.05). 
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3.2.9. The matriptase-mediated loose spheroid morphology is dependent on activation of 

PAR-2.  

 PAR-2 is a matriptase substrate that can induce a myriad of signaling responses that 

depend on the cell type and context, including malignant transformation, tumorigenic 

signaling, inflammation, and pro-metastatic signaling (199). Differential gene chip analysis 

of PAR-2 mRNA expression in non-paired ovarian tumor and normal tissues using TNM 

Plot shows significantly elevated PAR-2 in ovarian tumors (Fig. 3.13A). In addition, high 

PAR-2 expression correlates with poor progression-free survival for advanced OvCa 

patients by Kaplan-Meier survival analysis (Fig. 3.13B), consistent with other reports 

(239,247). Gene expression profiling of human OvCa patient tissues across all stages by 

TissueScan Ovarian Cancer cDNA Array also demonstrated increased PAR-2 and 

increased matriptase mRNA expression compared to normal ovary tissue (Fig. 3.13C). 

Similar to matriptase expression, PAR-2 is also expressed at varying levels in a panel of 5 

HGSC OvCa cell lines (Fig. 3.13D). These data suggest a co-conspiracy (199) of 

matriptase and PAR-2 in the promotion of advanced OvCa.  

 

To determine the involvement of PAR-2 in the disruptive a OvCa spheroids, we utilized 

two inhibitors of PAR-2 activation and signaling: GB-83, a specific reversible chemical 

antagonist of PAR-2 (308,309) and SAM11, a PAR-2 blocking antibody directed against 

the tethered ligand sequence which inhibits cleavage by PAR-2 activating proteases (310). 

Treatment of ES-2 and NCI/ADR-Res Mat and Vec hanging-drop spheroids with either 
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Figure 3.13. PAR-2 is highly expressed in OvCa and is associated with poor patient 
survival 
(A) Analysis of PAR-2 mRNA expression amongst normal ovary tissue (n=46) and 
ovarian tumors (n=744) using gene chip data obtained using TNMPlotter (311) (p = 1.54 
e-06). (B) Kaplan-Meier progression-free survival analysis of a cohort of OvCa patients 
(stages III and IV, n = 220, lower quartile CA125 mRNA expression) with high and low 
PAR-2 expression using KMPlotter (logrank p = 0.012). (C) Human TissueScan array 
of 40 ovarian tumor specimens across stages I-IV and 8 normal ovary tissue specimens 
was assessed for PAR-2 (F2RL1) and matriptase (ST14) mRNA expression by qPCR. 
Data is normalized to a housekeeping control and represented relative to normal tissue. 
(D) PAR-2 is expressed in OvCa cell lines. Whole cell lysates were collected from 
IOSE397 cells and 5 OvCa cell lines, analyzed by SDS-PAGE, and immunoblotted for 
mouse anti-human PAR-2 (SAM11) or rabbit anti-human b-tubulin. 
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GB-83 or SAM11 significantly reverted the predominantly loose Mat spheroid phenotype 

to the more compact Vec phenotype (Fig. 3.14A). Treatment with GB-83 also abrogated 

the disrupted homotypic cell-cell interactions (Fig. 3.14C) and the increased spheroid 

disaggregation (Fig. 3.14D) characterized in ES-2 and NCI/ADR-Res Mat spheroids 

compared to Vec controls. These data suggest that matriptase-mediated loose spheroid 

formation and disruption of cell-cell homotypic adhesion is dependent on PAR-2 

activation.  

 

3.2.10. Matriptase cleavage of pro-HGF and activation of cMet signaling does not 

contribute to OvCa loose spheroid morphology.  

 There are a few other matriptase substrates that have been implicated in tumor 

progression and have potential roles in OvCa. Hepatocyte growth factor or scatter factor 

(HGF/SF), a key player in epithelial cell migration, proliferation, and survival, and the 

HGF/cMet signaling pathway are implicated in contributing to the progression of multiple 

epithelial tumors. HGF is synthesized as an inactive, single-chain zymogen-like precursor, 

and has been reported by several other groups to be cleaved and converted to its active 

form by matriptase (312), resulting in activation of the c-Met signaling pathway. 

Matriptase cleavage of pro-HGF is an orchestrator of mitogenic and invasive responses in 

breast cancer (158,313,314). The dysregulated expression and activation of the HGF/cMet 

pathway upon OvCa development has been implicated in aggressive disease based on 

immunohistochemical analysis of patient tumors and murine models of peritoneal 

dissemination (315). To investigate the involvement of the HGF/cMet pathway in the 
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Figure 3.14. The matriptase-mediated loose spheroid morphology is dependent on 
PAR-2 activation 
(A) ES-2 and (B) NCI/ADR-Res Vec and Mat hanging drop spheroids were formed in 
the presence of vehicle (DMSO), GB-83 (5μM and 25μM respectively) or SAM11 
(2ng/mL and 1μg/mL respectively) for 4 days. Spheroids were visualized by EVOS 
(representative images are shown at 4X magnification) and percentage of loose spheroids 
was quantified; data represents average ± SEM of 3 independent experiments performed 
with ~100 spheroid replicates each (*p<0.05, ***p<0.005, ns = not significant). (C) ES-
2 and NCI/ADR-Res Vec and Mat cells labeled with CellTrackerOrange were seeded 
onto respective homotypic monolayers in the presence of vehicle control (DMSO) or 
GB-83 (25μM); fluorescence was measured after 1 hour of adhesion, pre- and post-wash 
with PBS. Fold change of remaining fluorescence relative to Vec is represented as an 
average of 2-3 independent experiments performed with 3-6 replicates each (*p<0.05, 
***p<0.005, ns = not significant). (D) ES-2 and NCI/ADR-Res Vec and Mat spheroids 
generated on agarose hydrogel and labeled with calcein-AM were seeded onto LP9 
mesothelial monolayers and disaggregation in the presence of vehicle control (DMSO) 
or GB-83 (25μM) was monitored over 72 hours by EVOS. Percent increase in spheroid 
area was measured by ImageJ and represented as an average of 3 independent 
experiments performed in triplicate (**p<0.01, ***p<0.005, ns = not significant). 
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matriptase activated spheroid phenotype, phosphorylated c-Met (p-Met) levels were 

monitored, as an indicator of c-Met activation. Although ES-2-Mat cells displayed slightly 

enhanced p-Met levels upon pro-HGF stimulation compared to ES-2-Vec (Fig. 3.15A, 

~1.8-fold), neither ES-2-Mat cells nor spheroids displayed baseline enhanced levels of 

cMet activation compared to ES-2-Vec cells or spheroids, respectively (Fig. 3.15A). The 

addition of active HGF resulted in enhanced levels p-Met compared to untreated cells (Fig. 

3.15A), demonstrating that the HGF/cMet pathway was functional in the cells. These data 

suggest that the HGF/cMet pathway is likely not involved in the matriptase-mediated loose 

spheroid morphology. 

 

3.2.11. Matriptase directly cleaves desmosomal protein, Dsg-2, to mediate loose 

spheroids in a PAR-2 independent manner.  

 Another reported in vitro matriptase substrate is Desmoglein-2 (Dsg-2), which is a 

key component of desmosome structures that function to maintain cell-cell interactions 

between adjacent cells and could impact spheroid properties. Low Dsg-2 expression is 

correlated with poor prognosis in OvCa, and cleavage and clearance from the plasma 

membrane can activate mitogenic signaling and promote tumor progression (316). Dsg-2 

cleavage products are found enriched in conditioned media of tumor cells and ovarian 

ascites fluid compared to total cell lysates (317), indicating a possible a role for Dsg-2 

cleavage in OvCa dissemination. Dsg-2 has been reported to be a direct substrate of 

matriptase in epithelial cells, where loss of matriptase resulted in increased 

immunoreactive Dsg-2 at the cell surface and cells formed larger clusters (318). To  
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Figure 3.15. Investigating involvement of matriptase substrates, pro-HGF and Dsg-
2, in loose OvCa spheroid phenotypes 
(A) Whole-cell lysates of ES-2 Vec and Mat cells treated with recombinant pro-HGF or 
activated HGF for 15 minutes, or ES-2 Vec and Mat hanging-drop spheroids (HD sph) 
were immunoblotted for phosphorylated Met (p-Met) or Total Met and analyzed for total 
protein by Ponceau stain. Densitometric analysis of p-Met/Total Met normalized to total 
protein was conducted using ImageJ (NIH). (B) Whole cell RNA lysates of ES-2 and 
NCI/ADR-Res Vec and Mat hanging drop spheroids were collected and analyzed for 
Dsg-2 mRNA expression. Data represents average Dsg-2 expression ± SEM relative to 
Vec controls from 3 independent experiments performed in triplicate (***p<0.005, 
****p<0.001).  (C) Protein expression and cleavage of Dsg-2 was investigated by 
immunoblot analysis from ES-2 and NCI/ADR-Res Vec/Mat hanging-drop spheroids. 
Representative image is shown. (D) Dsg-2 mRNA expression of ES-2 and NCI/ADR-
Res Vec/Mat hanging-drop spheroids treated with vehicle control (DMSO) or GB-83 
(5μM or 25μM, respectively) was analyzed; data represents average Dsg-2 expression ± 
SEM relative to Vec controls from 3 independent experiments performed in triplicate 
(*p<0.05, ***p<0.005, ****p<0.001).   
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determine if matriptase expression in OvCa affects Dsg-2, we conducted qPCR and 

immunoblot analyses of OvCa hanging-drop spheroids. Q-PCR analysis revealed 

downregulation of Dsg-2 mRNA in matriptase-expressing ES-2-Mat and NCI/ADR-Res-

Mat spheroids compared with their respective Vec control spheroids (Fig. 3.15B). 

Immunoblot analysis revealed increased cleavage products (~80kDa and ~65kDa) of Dsg-

2 in matriptase-expressing ES-2-Mat and NCI/ADR-Res-Mat spheroids compared  with 

their respective Vec controls (Fig. 3.15C), suggesting that cleavage of Dsg-2 on the surface 

of OvCa spheroids could disrupt cell-cell adhesion and promote loose spheroid formation. 

These data suggest one possible mechanism by which matriptase may regulate spheroid 

and cell-cell interactions by direct cleavage of cell-cell adhesion proteins. Matriptase-

mediated downregulation of Dsg-2 mRNA levels was not affected by PAR-2 inhibition 

(Fig. 3.15D), indicating that Dsg-2 downregulation is not dependent on the 

matriptase/PAR-2-mediated cell-cell adhesion disruption observed in spheroids.  

 

3.2.12. Matriptase activation of PAR-2 triggers PI3K/Akt signaling to mediate the loose 

spheroid morphology.  

 To identify downstream signaling pathways triggered by matriptase/PAR-2  

activation in loose spheroids, we performed a screen of signaling pathway inhibitors 

previously reported to selectively block pathways downstream of PAR-2 activation (221). 

Neither the MEK1/2 inhibitor (U0126) nor the p38 MAPK inhibitor (SB202190) affected 

the loose spheroid morphology of Mat spheroids (Fig. 3.16A). However, the specific PI3K 

pathway inhibitor LY294002 abrogated the loose morphology of both ES-2 and NCI/ADR- 
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Figure 3.16. Matriptase activation of PAR-2 triggers PI3K/Akt signaling to mediate 
the loose spheroid morphology 
(A) ES-2 Vec or Mat cells were treated with vehicle control (DMSO), 10μM U0126 
(MEK1/2 inhibitor), 10μM SB202190 (p38 MAPK inhibitor), or 10μM LY294002 (PI3K 
inhibitor) (doses based on published studies) and allowed to form hanging-drop spheroids 
for 4 days. Percentage of loose spheroids was quantified and represented as an average ± 
SEM of 3 independent experiments performed with ~100 spheroid replicates each 
(*p<0.05, ****p<0.001, ns = not significant). Representative images of ES-2 Vec and Mat 
hanging drop spheroids treated with vehicle control (DMSO) or LY294002 are shown at 
4X magnification. (B) Percentage of loose NCI/ADR-Res Vec or Mat spheroids treated 
with vehicle control (DMSO) or 10μM LY294002 is represented as an average ± SEM of 
3 independent experiments performed with ~100 spheroid replicates each (**p<0.01, ns = 
not significant). Representative images at 4X magnification are shown. (C) Whole cell 
lysates from ES-2 (left panels) and NCI/ADR-Res Vec and Mat (right panels) hanging 
drop spheroids treated with vehicle control (DMSO) GB-83 (5 μM for ES-2 and 25 μM 
for NCI/ADR-Res) or LY294002 (10μM) were collected with RIPA lysis buffer, analyzed 
by SDS-PAGE and immunoblotted with rabbit anti-human phosphorylated-Akt (p-Akt), 
total Akt (Cell Signaling), and β-tubulin (Santa Cruz). Densitometric analysis was 
conducted with ImageJ and reported as relative densitometric units compared to Vec; 
average ± SEM of 3 independent experiments (*p<0.05, **p<0.01, ns = not significant). 
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Res Mat spheroids, reverting them to a tighter phenotype (Fig. 3.16A-B). Mat spheroids 

also expressed increased levels of phosphorylated Akt (p-Akt), a downstream target of 

activated PI3K, compared to the respective Vec controls (Fig. 3.16C), which was 

abrogated by LY294002, demonstrating PI3K/Akt pathway activation in both OvCa cell 

types. Treatment with GB-83 prevented the increase in p-Akt protein levels (Fig. 3.16C), 

showing that Akt activation is dependent on PAR-2 activation. 

 

3.2.13. Matriptase activation of PAR-2 increases MMP-9 expression, which cleaves E-

cadherin to mediate a loose spheroid phenotype.  

 PI3K/Akt pathway activation has been demonstrated to upregulate MMP-9 to 

mediate enhanced migration and invasion in several tumor types (319,320), and MMP-9 

has been associated with advanced-stage OvCa (321). Q-PCR shows that Mat spheroids 

express significant levels of MMP-9 compared to Vec controls, and the increase in MMP-

9 is blocked in the presence of GB-83 (Fig. 3.17A), demonstrating that MMP-9 up-

regulation is PAR-2 dependent, consistent with previous reports (322,323). Treatment of 

ES-2 and NCI/ADR-Res Vec and Mat spheroids with the MMP inhibitor GM6001 

attenuated the loose Mat spheroid phenotype (Fig. 3.17B), demonstrating the involvement 

of MMP-9 downstream of matriptase/PAR-2 activation in disrupted spheroids. 
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Figure 3.17. Matriptase activation of PAR-2 increases MMP-9 expression 
(A) mRNA from ES-2 or NCI/ADR-Res Vec and Mat hanging drop spheroids treated 
with vehicle control (DMSO) or GB-83 (5 μM or 25μM) was collected and analyzed by 
qPCR for MMP-9 mRNA expression. mRNA expression was normalized to GAPDH 
and represented as relative to Vec; average of 3 independent experiments performed in 
triplicate (± SEM, **p<0.01, ****p<0.001). (B) ES-2 and NCI/ADR-Res Vec and Mat 
hanging drop spheroids were grown in the presence of vehicle control (DMSO) or MMP 
inhibitor GM6001 (50μM). Percentage of loose spheroids was visualized and quantified; 
average ± SEM of 3 independent experiments performed with ~100 spheroid replicates 
each (*p<0.05, **p<.0.01, ns = not significant). 
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Elevated MMP-9 has been reported to lead to a loss of E-cadherin disrupted cell-cell 

junctional integrity that can promote a migratory and invasive phenotype (324). MMP-9 

directly cleaves E-cadherin, releasing the ectodomain and resulting in soluble-E-cadherin 

(sEcad) accumulation, which can be detected using an ectodomain specific E-cadherin 

antibody (HECD-1) (325). Elevated levels of sEcad were detected in conditioned media 

from ES-2 and NCI/ADR-Res Mat hanging-drop spheroids compared to Vec spheroids, 

(Fig. 3.18A-B, lanes 1 and 2), suggesting enhanced E-cadherin cleavage in the presence 

of overactive matriptase. When spheroids were treated with GB-83 (Fig. 3.18A-B, lanes 

3-4) or GM6001 (Fig. 3.18A-B, lanes 5-6), the release of sEcad into the conditioned media 

was significantly reduced, demonstrating that matriptase activation of a PAR-2/MMP-9 

signaling axis is involved in E-cadherin cleavage (Fig. 3.18A-B). Together, these data 

show that matriptase activation of a PAR-2 signaling pathway stimulates upregulation of 

MMP-9 to mediate E-cadherin cleavage that disrupts cell-cell contacts resulting in loose 

spheroids in vitro. 

 

E-cadherin cleavage and release by matriptase/PAR-2 signaling was further investigated 

by quantitative ELISA analysis of sEcad levels in clarified ascites fluid from 1) mice 

bearing ES-2-Mat tumors (from Fig. 3.4B) and 2) from 9 OvCa patients representing 

different stages, subtypes, and chemotherapy treatment status. The results showed 

significantly elevated sEcad levels in the ascites fluids obtained from the mice and from 

OvCa patients, compared to the levels detected in conditioned media from two non-

malignant control IOSE cell lines (Fig. 3.18C).  
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Figure 3.18. Matriptase-mediated MMP-9 upregulation cleaves E-cadherin to 
mediate a loose spheroid phenotype 
(A) ES-2 and (B) NCI/ADR-Res Vec and Mat hanging drop spheroids were formed in 
serum-free media for 4 days in the presence of vehicle (DMSO), GB-83 or GM6001; 
conditioned media was collected, concentrated, analyzed by SDS-PAGE and 
immunoblotted for human E-cadherin recognizing the ectodomain region (HECD1-
Invitrogen) or total protein Ponceau stain. Densitometric analysis was conducted using 
ImageJ and represents relative soluble (sEcad) levels normalized  to total protein by 
Ponceau staining and relative to Vec DMSO (average ± SEM of 2 independent 
experiments: *p<0.05, **p<0.01, ns = not significant). (C) Conditioned media from 
IOSE397 and IOSE7576 cells, ascites fluid from ES-2-Mat tumor-bearing mice, and 
ascites fluid from 9 OvCa patients were assessed for sEcad levels by ELISA. (D) 
Matriptase:HAI-1 ratios of mRNA levels was determined in tumor cells from patient 
ascites, tumors floating in ascites fluid from ES-2-Mat tumor-bearing mice, and 
IOSE397 and IOSE7576 cells were determined by qPCR analysis, conducted in 
triplicate. Patient details are as follows: Patient 11: HGSC, chemoresistant, stage IIIB; 
Patient 12: LGSC, chemo-naïve, stage IIIC; Patient 15: Endometrioid, chemo-naïve, 
stage IIIA(ii); Patient 18: HGSC, chemo-naïve, stage IIIB; Patient 23: HGSC, 
chemoresistant, stage IVB; Patient 30: HGSC, chemo-naïve, stage IVB; Patient 33: 
HGSC/Endometrioid, chemo-naïve, stage IIIB; Patient 36: HGSC, cemo-naïve, stage IV; 
Patient 37: Mullerian, chemo-naïve, stage undetermined. (E) Linear regression analysis 
of sEcad levels versus matriptase:HAI-1 ratios (R2 = 0.6023, p = 0.0004). (F) Upon 
necropsy of ES-2 Vec and Mat tumor bearing mice, tumor cells scraped off mouse 
diaphragms (Vec Tum and Mat Tum) and Mat tumor cells recovered from ascites fluid 
(Mat Asc) were analyzed for E-cadherin mRNA expression by qPCR. mRNA expression 
is normalized to luciferase to only account for tumor cells. (*p<0.05, ***p<0.005, 
****p<0.001). 
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Tumor cells isolated from all 9 patient ascites fluids and recovered from the ascites fluids 

of the 5 ES-2-Mat tumor-bearing mice (from Fig 3.4B) revealed significantly elevated 

matriptase:HAI-1 ratios compared to IOSE cells (Fig. 3.18D). Linear regression analysis 

of matriptase:HAI-1 ratios versus sEcad levels amongst the 9 ascites-derived patient 

tumors, 2 IOSE cell lines, and the ES-2-Mat tumors (Fig 3.4) revealed a significant positive 

correlation (Fig. 3.18E), showing that matriptase overactivity stimulates increased 

shedding of sEcad, providing a mechanism for the loss of cell-cell adhesion and the 

increased invasive properties of Mat spheroids.  

 

Further qPCR analysis of the tumor tissues recovered from areas of dissemination or 

floating in ascites fluids from mice bearing ES-2-Mat and Vec xenograft tumors (Fig. 3.4) 

revealed that ES-2-Mat tumor tissues (Mat Tum) harvested from mouse diaphragms and 

present in the malignant ascites (Mat Asc) had significantly decreased E-cadherin mRNA 

compared to Vec tumors (Vec Tum) from mouse diaphragms (Fig. 3.18F). This 

downregulation at the mRNA level could potentially be a negative feedback response 

following cleavage and removal of E-cadherin from the cell surface.  

 

Together, these data identify a novel matriptase activated PAR-2/PI3K/Akt/MMP-9 

signaling axis that results in E-cadherin cleavage and loss, disrupting cell-cell interactions 

and resulting in loose, spheroid morphology that is highly prone to peritoneal dissemination 

(Fig. 3.19A). 
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Figure 3.19. Proposed model and clinical implications of matriptase/PAR-2 co-
conspiracy in regulating OvCa dissemination 
(A) Proposed model of a matriptase/PAR-2/PI3K/Akt/MMP-9/E-cadherin signaling axis 
which promotes OvCa spheroid dissemination. (B) Kaplan-Meier progression-free 
survival analysis of cohort of OvCa patients across all stages with high matriptase 
expression (n=281; logrank P = 0.0072) or (C) low matriptase expression (n=281; 
logrank P = 0.15) obtained from KMPlotter. All patients express CA125 mRNA levels 
in lower quartile. 
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3.3. Discussion 

High fatality in OvCa is attributed to passive OvCa dissemination, propagated by 

multicellular spheroid aggregates in the peritoneal cavity and subsequent tumor seeding 

and metastatic invasion of peritoneal organs. The formation of multicellular spheroids and 

their properties is an understudied component of OvCa progression, given their potential 

to influence tumor cell proliferation, chemotherapy resistance and recurrence of advanced 

disease. Here, we identify a novel role for matriptase as an orchestrator of disrupted cell-

cell adhesion in OvCa spheroids critical for enhanced peritoneal dissemination and 

metastasis. Tumor-associated overactive matriptase exerts these effects by proteolytic 

activation of PAR-2 on the surface of OvCa cells, a phenomenon that is highly likely to 

occur in OvCa cells that aberrantly overexpress PAR-2 and matriptase. OvCa patients with 

high matriptase and high PAR-2 expression experience poorer progression-free survival 

(Fig. 3.19B), whereas patients with high PAR-2 expression and low matriptase expression 

do not experience any significantly different progression-free survival outcomes (Fig. 

3.19C), suggesting that elevated PAR-2 levels are only detrimental to patient survival when 

matriptase overactivity enables activation of pro-metastatic signaling. Interestingly, these 

patient cohorts exhibit low CA125 mRNA expression (297), which generally would predict 

improved patient prognosis. The impact of matriptase/PAR-2 pathway activation may 

potentially have detrimental effects for patients who would otherwise have favorable 

outcomes, and patients with high CA125 levels may have other confounding factors that 

also influence survival rates. Subsequent triggering of a PI3K/Akt/MMP-9 signaling axis 
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which ultimately cleaves and downregulates E-cadherin, results in disrupted homotypic 

cell-cell interactions which promote OvCa dissemination and advanced disease. 

 

Cleavage and downregulation of Dsg-2 was also demonstrated to occur in loosely 

aggregated matriptase-expressing spheroids, suggesting an alternative mechanism by 

which matriptase mediates disruption in cell-cell adhesion independent of PAR-2. Dsg-2 

has been reported to interact with E-cadherin, which may be necessary for proper 

desmosome assembly (326) and possibly to facilitate crosstalk between adherens junctions 

and desmosomes in intact epithelia (327). The strength and duration of these interactions 

have been described as both transient and high affinity, suggesting complexity in this 

mechanism. Published studies have reported that under the same extracellular stimulus of 

EGFR receptor activation, E-cadherin and Dsg-2 undergo differential fates of 

internalization, downregulation, or extracellular cleavage (328). This differential 

regulation is consistent with the observation of desmosomal disruption preceding adherens 

junction disruption, which may explain differential regulation of these two interconnected 

cell-cell adhesion proteins in OvCa with overactive matriptase-mediated disruption of cell-

cell contacts. Downregulation of E-cadherin was associated with cleavage from the cell 

surface (328). sEcad has been reported to induce EGFR and Wnt/β-catenin signaling 

pathway and mediate downstream feedback mechanisms for continuous protease-

dependent generation of sEcad (329) and promotion of pro-survival and oncogenic 

processes, which may also include downregulation and loss of E-cadherin expression. 
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This study demonstrates a critical functional role for matriptase in OvCa dissemination and 

elucidates the underlying mechanism by which tumor hyperactive matriptase executes 

cancer-promoting actions in the context of advanced OvCa. The inherent heterogeneity and 

phenotypic plasticity of disseminated and metastatic OvCa challenges standard therapeutic 

strategies; dysregulation of matriptase activity provides an advantage for spheroids to adapt 

and metastasize. Recent studies report that patient ascites-derived tumor cells from 

advanced, chemo-resistant disease formed irregular and loosely aggregated spheroids ex 

vivo, emphasizing the importance of this morphology in advanced disease (302). The 

identification of matriptase expression and activity as a biomarker (147) and the findings 

of this study demonstrating upregulated PAR-2 as an essential upstream signaling node, 

along with the PI3K/Akt/MMP-9/E-cadherin axis, enables potential interventions for 

targeting of multiple levels of this complex signaling cascade to improve outcomes for 

women diagnosed with advanced OvCa. 
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CHAPTER 4. MATRIPTASE AND TESTISIN DIFFERENTIALLY 

REGULATE OVCA DISSEMINATION BY PAR-2 BIASED AGONISM 

 
4.1. Introduction 

The protease activated receptor family (PAR) is an atypical group of 4 seven-

transmembrane G-protein-coupled receptors (GPCRs) that are activated by proteases 

instead of soluble ligands, thus acting as sensors for active extracellular proteases in the 

cell microenvironment (221,223). PAR-2 is activated by specific irreversible N-terminal 

proteolytic cleavage to unmask a new N-terminus that serves as a tethered ligand (TL) and 

interacts with the extracellular loop 2 (ECL2) domain to stabilize a PAR-2 conformation 

that induces intracellular signal transduction (221,330). Short synthetic peptides 

corresponding to the TL can also activate PAR-2 without requiring cleavage and 

unmasking of the tethered ligand (308,331). PAR-2 has been reported to have various 

physiological functions such as vasoregulation, endothelial barrier protection, olfactory 

neuron development, and myelination of the spinal cord (332-335) and pathological roles 

in controlling inflammation and nociception (336). PAR-2 oncogenic activities are thought 

to arise from signaling resulting from overactive pericellular proteolysis, likely by 

dysregulated serine protease activities in advanced-stage tumors. PAR-2 can induce a wide 

variety of intracellular signaling including G-protein-dependent pathways leading to 

Ca2+ mobilization, phosphatidylinositol hydrolysis, Rho GTPase activation, mitogen-

activated protein kinase ERK1/2 activation, NFκB activation leading to cytokine release, 

and G-protein-independent signaling through β-arrestin-1/2 recruitment (221,337). PAR-2 

activation by trypsin-like serine proteases occurs at a canonical cleavage site, but other 
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proteases, such as elastase and cathepsin S, can cleave PAR-2 at noncanonical sites (338-

340). PAR-2 has been shown to be capable of promoting opposing outcomes in 

inflammatory responses, vascular permeability, and cell motility depending on the protease 

agonist and cell context, a phenomenon known as functional selectivity or biased agonism 

(339,341). Multiple studies have revealed that PAR-2 biased agonism can occur via 

different site-specific cleavages of the N-terminus, different TL peptides, localization to 

membrane microdomains, or β-arrestin-mediated internalization and signaling to induce 

only select subsets of intracellular signaling pathways (226).  

 
The MASP matriptase is a potent cell surface activator of PAR-2 and is overexpressed in 

many human cancers (reviewed in (199) and Chapter 3). Our laboratory originally cloned 

and characterized another MASP family member testisin (also known as PRSS21) 

(342,343) and identified its distinct carboxy-terminal signal peptide that is post-

transcriptionally modified with a glycosyl-phosphatidylinositol (GPI)-membrane anchor. 

We discovered testisin to be a potent endogenous cell surface proteolytic activator of PAR-

2 (175). Testisin is not expressed in the normal ovary (343,344), nor in normal human 

fallopian epithelium (Gene Expression Omnibus (GEO) profiles), but it is overexpressed 

in human OvCa (256,344). Testisin is present in 80-90% of stage II or III disease (e.g. 

tumor growth with pelvic extension or with intraperitoneal metastases outside the pelvis) 

and associated with 55% of stage I disease (e.g. tumor growth limited to the ovaries) (344). 

Matriptase, on the other hand, is a type II transmembrane serine protease, and its carboxy-

terminal extracellular serine protease domain is linked to the cell membrane via a 

transmembrane domain. It possesses an N-terminal cytoplasmic domain and a stem region 
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(containing one SEA domain, two CUB domains, and four LDLR-A repeats, all of which 

are presumed to play a role in protein-protein interactions and are necessary for matriptase 

activity and functions (98,101). Matriptase is abundantly expressed in epithelial tissues, 

where it is implicated in the regulation of epithelial barrier function (131,345). Testisin on 

the other hand, is not expressed in epithelium, but can be induced in capillary endothelium, 

specifically during angiogenesis (346). These structural features and limited tissue 

expression offer unique mechanisms of PAR-2 modulation that may impact signaling for 

ovarian tumor progression, where both matriptase and testisin are expressed. 

 

The studies outlined in this chapter reveal that overactive matriptase and testisin in OvCa 

cells trigger different intracellular signaling responses that result in opposing downstream 

cellular outcomes for OvCa dissemination and metastasis. Previous studies in our 

laboratory demonstrated that expression of testisin by OvCa tumor cells suppresses in vivo 

tumor metastasis and ascites formation in several preclinical xenograft models of OvCa 

through a PAR-2 dependent mechanism (256). In contrast, as detailed in Chapter 3, 

matriptase promotes dissemination and a PAR-2-dependent aggressive invasive OvCa 

phenotype. Although testisin and matriptase cleave at the same canonical site on the PAR-

2 N-terminus, R36↓S (human) (175) revealing the tethered ligand SLIGKV, we hypothesize 

that these MASPs differentially activate a subset of PAR-2 signaling pathways to regulate 

metastatic signaling in OvCa. Investigation into these opposing signaling pathways is 

shedding light on mechanisms of differential PAR-2 signaling which has the potential to 

reveal therapeutic targets to treat advanced-stage OvCa. 

 



 
 
 
 

121 
 

4.2. Results 

4.2.1. Matriptase expression increases peritoneal dissemination and metastasis, whereas 

testisin suppresses peritoneal dissemination in the ES-2-Luc xenograft model of OvCa. 

Our laboratory has established several preclinical orthotopic xenograft models of 

intra-peritoneal OvCa metastasis (ES-2-Luc, NCI/ADR-Res-Luc, SKOV-3), that 

reproduce key events of late-stage ovarian cancer metastasis and specifically require tumor 

cells to disseminate in the peritoneum and induce ascites accumulation, undergo peritoneal 

adhesion, sub-mesothelial anchoring, and invasion in order to establish metastatic tumor 

foci (256). OvCa tumors overexpress varying levels of PAR-2 and both matriptase and 

testisin (Fig. 3.13C and (256)). The ES-2 cell line was found to endogenously express low 

levels of both testisin and matriptase, providing a suitable model for direct comparison for 

manipulating the levels and activity of testisin and/or matriptase in the context of PAR-2 

activation. Using the ES-2-Luc intraperitoneal orthotopic xenograft model, previous data 

from our laboratory showed that overexpression of testisin inhibited mesothelial 

attachment and colonization of the peritoneal cavity, ascites accumulation, and 

development of disseminated and invasive peritoneal lesions (256). These activities 

required catalytically active testisin and involves the suppression of PAR-2 signaling, 

which was confirmed by testisin knockout studies in a second NCI/ADR-Res cell-based 

model (256). Gene profiling and mechanistic studies revealed that a testisin/PAR-2 axis 

antagonizes proangiogenic angiopoietins that modulate vascular permeability and ascites 

accumulation associated with OvCa peritoneal dissemination. These exciting data were the 

first demonstration of the activation of PAR-2 by a serine protease GPI-linked to the cell 
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surface. As detailed in Chapter 3 (Fig. 3.5), using the same ES-2-Luc xenograft model, 

overexpression and overactivity of matriptase promoted enhanced metastatic behavior, 

which is in direct contrast to enhanced testisin activity, which suppresses tumor burden in 

this xenograft mouse model (Fig. 4.1A). 

 
4.2.2. Testisin expression has no impact on spheroid formation in vivo or in vitro, while 

matriptase expression enhances loose spheroid morphology.  

As shown in Fig. 3.5, tumors nodules formed in ES-2-Mat bearing mice were 

distinctly smaller, punctate, and more scattered over the mouse diaphragm compared to 

Vec control tumor nodules. ES-2-Test bearing mice showed a distinctly different 

phenotype, a mostly transparent diaphragm with very little detectable tumor burden (Fig. 

4.1B). Visual inspection of the the few tumors formed showed no apparent similarity with 

ES-2-Mat tumors, nor any morphological differences between in ES-2-Test tumor nodules 

compared to vector control (VC) tumor nodules (Fig. 4.1B). Since spheroids are considered 

bona fide units of OvCa metastasis, we further investigated these spheroid morphologies 

in vitro. Formation of spheroids on low-attachment agarose hydrogels revealed tight and 

compact spheroids with vector control and ES-2-Test cells, while ES-2-Mat spheroids were 

scattered and loose (Fig. 4.2A). Formation of tumorspheres with ES-2-Test cells seeded at 

low-density in stem-cell enriching Mammocult media revealed no significant difference in 

total tumorsphere number or tumorsphere size (Fig. 4.2B) compared to vector control cells, 

suggesting that testisin is also not involved in clonogenic growth properties of spheroids. 
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Figure 4.1.  Comparison of enhanced testisin and matriptase on peritoneal dissemination 
and tumor burden in vivo using the ES-2-Luc xenograft model of OvCa dissemination 
and metastasis. 
(A) Plot of photon intensity (IVIS) relative to respective vector controls at endpoint of each 
experiment (Day 11 for ES-2-Luc Vec/Mat and Day 12 for VC/Test). Testisin expression 
suppresses ES-2-Luc tumor dissemination and matriptase increases tumor dissemination 
(matriptase data from Fig. 3.5; testisin data from (256); n=5 mice per group; ***p<0.005.  
Tumor growth of ES-2-Luc-Vec occurred at a slower rate compared to ES-2-Luc-VC, 
possibly due to HAI-1 co-expression in ES-2-Luc-Vec which may decrease overall serine 
protease activity and metastatic capability. (B) Disseminated tumor burden on diaphragm of 
tumor bearing mice was photographed upon necropsy. ES-2-Luc-Mat tumor bearing mouse 
diaphragms were covered in small, punctate tumor foci, compared to larger more compact 
ES-2-Luc-Vec tumors. ES-2-Luc-Test tumor bearing mice exhibited significantly fewer 
tumor nodules than ES-2-VC which were larger and more compact. Differences in tumor 
morphology are indicated by yellow arrows.  
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Figure 4.2. Testisin expression has no impact on spheroid formation in vitro, while 
matriptase expression enhances loose spheroid morphology 
(A) ES-2 Vec, Test, and Mat cells were seeded onto agarose hydrogels and allowed to form 
spheroids overnight. Representative images are shown at 4X magnification. (B) ES-2 Vec, 
Test, and Mat cells were seeded at low density on poly-HEMA-coated 6-well plates in stem-
cell enriching MammocultTM media and allowed to form tumorspheres for 10 days. 
Tumorspheres were visualized by EVOS Imaging system; total number and percentage of 
total tumorspheres <200μm and >200μm were calculated by ImageJ. Data represents 
average ± SEM from 3 independent experiments performed in triplicate (*p<0.05, ns = not 
significant).  
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Altogether, these data suggest that the role of testisin in regulating OvCa dissemination, 

unlike matriptase, does not involve distinct regulation of morphological spheroid 

properties. 

 

4.2.3. OvCa cell migration and invasion is enhanced by matriptase but not testisin. 

To investigate the role of testisin expression on OvCa metastatic behaviors in vitro, 

we utilized Transwell migration and Matrigel invasion assays. ES-2-Test cells displayed 

no significant difference in migratory (Fig. 4.3A) or invasive properties through Matrigel 

(Fig 4.3B)  compared to Vec control cells, whereas ES-2-Mat cells were significantly more 

migratory and invasive. Additionally, ES-2-Mat spheroids were significantly more 

invasive through a 3D collagen matrix compared to ES-2-Vec spheroids, while ES-2-Test 

spheroids showed no significant change in submesothelial matrix invasion (Fig. 4.3B). 

These data demonstrate differences in the role of matriptase and testisin in regulating OvCa 

metastatic properties. 

 

4.2.4. Testisin suppresses pro-metastatic signaling while matriptase promotes pro-

metastatic signaling. 

The proteolytic activation of PAR-2 has been shown to induce expression of IL-8 

and MMP-9, which are consistently up-regulated in ovarian cancers (347-349) and 

contribute to malignant ascites development and enhanced invasive properties. While 

matriptase expressing cells displayed increased IL-8 and MMP-9 expression, testisin 

expressing cells showed lower IL-8 expression and had no change in MMP-9 expression 
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Figure 4.3. OvCa cell migration and invasion is enhanced by matriptase but not testisin 
(A) ES-2-Vec, Test, and Mat cells were allowed to migrate through uncoated 8μm Transwell 
filters or (B) invade through Matrigel-coated 8μm Transwell filters for 16-24 hours. Data 
represents average fold change of migrated/invaded cells relative to Vec controls (± SEM) of 
3 independent experiments performed in triplicate (*p<0.05, **p<0.01). (C) ES-2-Vec, Test, 
and Mat cells were grown on agarose-coated 96-well plates to form spheroids overnight. 
Formed spheroids were embedded into 3D type I collagen gels on 8-well chamber slides and 
3D invasion was visualized over 48 hours. Representative images of invaded spheroids at 48 
hours are shown (left panels). Data represents percent increase in spheroid area at 48 hours 
compared to starting spheroid area (measured by ImageJ analysis) relative to Vec control 
spheroids (*p<0.05, ns = not significant; right panel). 
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(Fig. 4.4A-B).  

 

Previous studies have shown that PAR-2 activation stimulates IL-8 synthesis and release 

via activation of ERK1/2 signaling (350). Consistent with the cytokine expression, ERK1/2 

phosphorylation was significantly reduced in testisin expressing ES-2 cells (256,295) and 

increased in matriptase expressing ES-2 cells, while total ERK levels were unaffected (Fig. 

4.4C). These data implicate increased proteolytic activities of matriptase and testisin in 

differential signaling events downstream of PAR-2. 

 

4.2.5. PAR-2 surface expression is differentially modulated by matriptase and testisin.  

Upon activation by protease agonists, PAR-2 couples to multiple heterotrimeric G-

protein subtypes including Gαq, Gαi, and Gα12/13, which signal directly to a variety of 

effectors and promote diverse cellular responses (351). Unlike PAR-1, which is 

desensitized upon activation cleavage by rapid internalization and sorting to lysosomes for 

degradation, PAR-2 is not constitutively internalized upon activation cleavage (231). β-

arrestins control the magnitude and duration of PAR-2-mediated G protein signaling and 

can signal non-G-protein effectors by functioning as scaffolds that form discrete signaling 

complexes. Cytosolic β-arrestin is recruited to and binds to phosphorylated residues on the 

PAR-2 C-terminal tail and the complex is endocytosed. β-arrestin and PAR-2 then 

translocate and mediate early endosomal signaling via scaffolding complexes containing 

Raf1 and activated cytosolic ERK1/2 (228,229). The binding of β-arrestin to PAR-2 
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Figure 4.4. Testisin and matriptase have opposing effects on ERK1/2 activation, IL-8 
induction and MMP-9 expression 
Whole cell RNA lysates were collected from ES-2-Vec, Test, and Mat cells and mRNA 
expression of (A) IL-8 and (B) MMP-9 was analyzed by qPCR (n=2-4; **p<0.01; 
****p<0.001). (C) Whole cell protein lysates from ES-2-Vec, Mat, or Test cells were 
collected, analyzed by SDS-PAGE, and immunoblotted for phospho-ERK1/2, total ERK1/2, 
and β-tubulin. Densitometric units represent phospho-ERK/Total ERK (normalized to b-
tubulin) relative to Vec controls; analysis was conducted using ImageJ (NIH).  
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further uncouples and prevents sustained G protein signaling. Comparison of surface PAR-

2 on non-permeabilized ES-2-Mat, Test, and vector control cells by flow cytometry 

revealed that testisin expression resulted in a dramatic loss of surface PAR-2, while 

matriptase appears to have little impact on surface PAR-2 levels (Fig. 4.5A-B). There was 

no reduction of overall PAR-2 expression by either protease which could also affect surface 

PAR-2 levels (Fig. 4.5C). These data suggest that testisin may induce rapid constitutive 

endocytosis of PAR-2, possibly involving β-arrestin, resulting in suppression of cell-

surface signaling, whereas constitutive matriptase activation of PAR-2 may retain its cell-

surface expression to enhance cell-surface pro-metastatic signaling.  

 

4.3. Summary of Results 

Our studies thus far reveal that PAR-2 activation cleavage by testisin induces 

prolonged loss of PAR-2 from the cell surface in OvCa cells without a significant effect on 

total PAR-2 levels, suggesting that testisin-mediated cleavage of PAR-2 signals rapid 

constitutive PAR-2 endocytosis and anti-metastatic signaling. Matriptase-mediated PAR-

2 activation does not appear to trigger rapid PAR-2 turnover; instead, our data suggest that 

matriptase behaves as a classical PAR-2 agonist that promotes multiple PAR2-dependent 

pro-metastatic and pro-inflammatory activities. Since matriptase and testisin cleave and 

activate PAR-2 at the same canonical cleavage activation site, these data reveal a new 

complexity in proteolytic mechanisms regulating PAR-2 signal transduction that are of 

direct relevance to metastatic OvCa tumor cells. Our published and preliminary data 

support the novel hypothesis, illustrated in Fig. 4.6, that the constitutive expression of the  
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Figure 4.5. PAR-2 is lost from the cell surface in testisin expressing cells, while 
matriptase does not alter PAR-2 surface expression 
(A) Non-permeabilized ES-2 Mat, Test or vector control cells (Vec/VC) were live stained 
for surface PAR-2 expression using mouse anti-human SAM11 primary antibody and 
labeled with AlexaFluor-555. Arrow indicates the loss of surface PAR-2 (right panel). 
(B) Cell-surface levels of PAR-2 measured by flow cytometry is represented as average 
median fluorescence intensity (MFI) ± SEM from 2 independent experiments (*p<0.05, 
ns = not significant). (C) Total PAR-2 protein levels were  measured by immunoblotting 
with SAM11 antibody and remain unchanged by both matriptase and testisin expression. 
Densitometric analysis by ImageJ represents average PAR-2 expression relative to vector 
control (Vec/VC) cells from 2 independent experiments (ns = not significant). 
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Figure 4.6. Proposed model of PAR-2 biased signaling by matriptase and testisin 
Testisin mediates an anti-metastatic phenotype upon cleavage of PAR-2, removal from 
the cell surface, and suppression of PAR-2 downstream signaling, while matriptase 
maintains PAR-2 cell surface expression to orchestrate pro-metastatic OvCa signaling. 
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GPI-anchored serine protease, testisin, on the surface of OvCa cells, is capable of 

mediating prolonged and sustained loss of PAR-2 from the ovarian tumor cell surface that 

is anticipated to prevent competing pro-metastatic and inflammatory signaling by other 

PAR-2 agonists. The prolonged testisin activity, when in close proximity to PAR-2 on the 

cell membrane, may also directly stimulate an opposing anti-metastatic and anti-

inflammatory pathway involving mobilization of β-arrestins and endogenous signaling 

scaffolds. The general absence of endogenous, constitutive testisin expression in most 

tissues of the body suggests that ubiquitous constitutive testisin expression is not generally 

desirable and would be detrimental for many physiological functions. However, in 

advanced OvCa tumors, where both testisin and matriptase are expressed and overactive, 

aberrant constitutive testisin-mediated PAR-2 desensitization and persistent loss from the 

cell surface could be anticipated to prevent competing responses to other PAR-2 agonists, 

including matriptase for a favorable anti-metastatic outcome. 

 

PAR-2 biased agonism has thus far been attributed either to a) alternative signaling 

outcomes in different cellular or tissue contexts or b) cleavage at different sites along the 

N-terminus, revealing different tethered ligands or disarming the receptor from subsequent 

activation. In inflammation, neutrophil elastase, cathepsin-G and proteinase-3 were 

reported to disarm PAR-2 and prevent Gɑq/Ca2+ signaling activation by trypsin, and the 

alternative tethered ligand revealed by elastase cleavage remained capable of activating 

MAPK signaling pathway independent of β-arrestin (340). Thus, our findings of biased  
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agonism by two MASPs that cleave at the same site and cause differential signaling in the 

same disease context is novel and warrants further investigation. 

 

Interestingly, previously published studies in our laboratory have reported that co-

expression of testisin and PAR-2 in HeLa cells induced loss and internalization of PAR-2 

from the cell surface, which activated downstream Ca2+ mobilization, ERK1/2 

phosphorylation and induced cytokine expression (175). The data outlined in this chapter, 

demonstrating loss and internalization of surface PAR-2 are similar to our previous 

findings in HeLa cells. However, regulation of cytokine signaling by testisin appears to be 

different, which may indicate on G-protein activation of NFkB signaling in HeLa cells, 

whereas in OvCa cells, bias towards β-arrestin mediated signaling may be dominant, 

revealing cell-type and disease context-specific regulation of PAR-2. 

 
These observations require further study. Further investigation would not only elucidate 

and improve our understanding of differential PAR-2 signaling by MASPs, but also define 

critical protein-protein interactions that could provide the basis for pharmacological agents 

targeting OvCa dissemination and metastasis. These differential effects on a major OvCa 

signaling receptor may start to explain significant variations in patient responses to current 

therapies. Indeed, Kaplan-Meier analysis of OvCa patients with high PAR-2 expression 

revealed enhanced progression-free survival in patients who also exhibited high testisin 

expression, while the same cohort of patients with high PAR-2 and high matriptase 

expression experience poorer progression-free survival (Fig. 4.7). Elucidation of  
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differential pathway activation should enable directed manipulation of MASP/PAR-2 

signaling to target metastasis as an alternative or complement to anti-proliferative drugs 

alone for the treatment of advanced, disseminated OvCa. The considerable effort that has  

been devoted to development of pharmacological PAR-2 antagonists (352) would benefit 

from a better mechanistic understanding of these differential outcomes. 
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Figure 4.7. Testisin expression is protective against PAR-2 associated poor patient 
survival 
Progression-free survival data obtained from KMPlotter was analyzed in a cohort of OvCa 
patients expressing high PAR-2 levels according to (A) matriptase (ST14; n = 326; logrank P 
= 0.0099) or (B) testisin expression (PRSS21; n = 324; logrank P = 0.0423). Patients were 
within lower quartile of CA125 mRNA expression. 
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CHAPTER 5.  SELECTIVE TARGETING OF METASTATIC OVARIAN 

CANCER USING AN ENGINEERED ANTHRAX PRODRUG ACTIVATED 

BY MEMBRANE ANCHORED SERINE PROTEASES3 

 
5.1. Introduction 

Treatments for advanced and recurrent OvCa remain a challenge due to a lack of 

thorough molecular understanding of mechanisms underlying tumor dissemination, 

leading to few of selective and effective therapeutics. MASPs are synthesized and 

expressed on the cell surface of healthy tissues as inactive precursors, or zymogens, that 

are tightly regulated by networks of activators, cofactors, and inhibitors (353), and require 

activation by pericellular proteases in the tumor microenvironment. Zymogen activation 

occurs by proteolytic cleavage after an arginine or lysine amino acid residue that is 

positioned in a conserved activation motif within the MASP catalytic SPD (353). The over-

activity of tumor-associated MASPs implies an abundance of zymogen-activating 

pericellular proteases in the tumor microenvironment. Since MASPs have substrate 

specificity for cleavage after arginine or lysine residues, several MASPs can activate other 

MASPs present on the cell surface, potentially presenting multiple unique targets for anti-

tumor therapeutic intervention. 

Here we describe the development of zymogen activation prodrug toxins (ZMTs) 

designed to undergo activation cleavage by zymogen-activating proteases on the tumor cell 

surface, using a re-engineered anthrax toxin (AT) for drug-delivery.
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The AT delivery system is a well-studied two-component system based on Bacillus 

anthracis that utilizes cell surface binding to deliver a potent cytotoxin to cells (276). The 

mechanism of action requires one component, protective antigen (PA), to bind and undergo 

activation proteolytic cleavage on the cell surface, initiating oligomerization and formation 

of a cell-surface pore that allows translocation of the second component, a cytotoxic cargo, 

into cells. The natural anthrax toxin cargo lethal factor (LF) is a zinc-dependent 

metalloproteinase that irreversibly inactivates mitogen-activated protein kinase kinases 

(MEKs) and inhibits the oncogenic pro-survival MAPK pathway (354,355) to induce cell 

death. Another cargo, FP59, is a fusion of the amino-terminal PA binding domain of LF 

(aa 1-254) with the catalytic domain of Pseudomonas aeruginosa exotoxin A, which kills 

cells by ADP-ribosylating eukaryotic elongation factor-2 (eEF) and inhibiting protein 

synthesis (279,356,357). Proteolytic cleavage and activation of native PA protein is 

catalyzed by furin protease. To generate ZMTs, we converted the 8 amino acid furin 

activation sequence of PA to the zymogen activation sequences corresponding to the 

MASPs prostasin, testisin, and the membrane-associated protease urokinase plasminogen 

activator (uPA).  

 

We find that PAS, the ZMT with an activation cleavage site mimicking the prostasin 

zymogen activation site, is a potent substrate for overactive MASPs and functions as a 

potent tumoricidal prodrug in combination with LF. Studies outlined in this chapter have 

determined that exposure to the PAS:LF toxin is cytotoxic to both ovarian tumor cell lines 

and tumor cells derived from patient ascites. Preclinical studies using several OvCa 
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xenograft models and an OvCa patient-derived xenograft (PDX) model demonstrate that 

treatment with PAS:LF toxin significantly reduces tumor burden and extends survival with 

no evidence of off-target toxicity.  

 

Furthermore, since little has changed for standard-of-care treatments in over three decades, 

and majority of patients treated with combination chemotherapy (carboplatin/paclitaxel; 

CPTX) relapse with chemoresistant disease only 12-18 months after first-line treatment 

(358), it is imperative to understand methods of drug-resistance and develop effective 

therapies for long-term remission. Chemotherapy-induced MAPK pro-survival signaling 

is established as a major mechanism for chemoresistant tumor cells to avoid apoptosis and 

cell death (359). Several oncogenic driver mutations associated with OvCa induce the 

MAPK signaling pathway (360-362), including p53, BRCA1/2 and KRAS, PIK3CA and 

BRAF (362). MAPKs integrate signals from multiple complex intracellular networks to 

perform cellular functions, including cell proliferation and survival. The most common 

BRAF mutation, V600E, contributes synergistically to constitutive MAPK function and 

predicts sensitivity to MEK inhibitors as it positively correlates with increased pERK levels 

(363,364). While current drugs targeting members of the MAPK pathway have shown 

some benefits (364), particularly for low grade OvCa (365), their efficacy in OvCa is 

plagued by development of drug resistance, low therapeutic index and off-target side 

effects. While this may argue against a preponderant role of the MAPK/ERK pathway as a 

targetable oncogenic driver in these tumors despite the presence of mutations, it is likely 

that the current reversible drugs are ineffective in the challenging OvCa microenvironment. 
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The irreversible MAPK/ERK targeting strategy being developed herein has potential to 

significantly improve specific tumor targeting for chemoresistant OvCa.  

Our results demonstrate that CPTX treatment of OvCa cell lines and patient ascites-derived 

tumor cells increases activation of MAPK signaling, which enhances anti-tumor 

cytotoxicity in combination with PAS:LF toxin. This PAS:LF prodrug represents a novel 

and promising strategy to improve outcomes for women with OvCa, particularly as neo-

adjuvant or adjuvant combinations with standard of care chemotherapies. Validation and 

further development of our preclinical findings in a clinical setting might fulfill the 

requirement of a long-awaited therapeutic strategy that would improve mortality rates for 

women with advanced ovarian cancer. 

5.2. Development of PAS toxin and Characterization of Anti-tumor Cytotoxicity 

5.2.1. Generation and characterization of re-engineered zymogen activation site toxins  

To generate novel ZMTs predicted to be cleaved by the overactive MASPs and 

initiate the AT delivery system (Fig. 5.1A), the P4-P4´ sequence targeted by furin on the 

native PA (PA-WT; aa164-171) (366) was mutated to sequences derived from the zymogen 

activation sites of prostasin (PAS) (Fig. 5.1B). PAS, along with other ZMTs mutated to 

sequences derived from testisin (TAS), and the membrane-associated uPA (UAS) were 

generated in the Antalis Laboratory by Erik Martin. The detailed rationale for design of 

each ZMT, purification methods, and MASP cleavage characterization have been 

previously reported by members of the Antalis laboratory (288). Prostasin and testisin are 

GPI-anchored serine proteases that do not self-activate. The pro-prostasin and 
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Figure 5.1. Generation and characterization of ZMT proteins 
(A) Anthrax toxins exert their cytotoxic actions in a three-step activation process that 
involves: a) the binding of PA to surface receptors on target cells, b) the translocation of 
cytotoxic cargo proteins to the cytoplasmic compartment of the target cells, and c) the 
induction of cell death by cytotoxins in the cytoplasm (276). Initiation occurs by the 
binding of PA to either of two ubiquitously cell-surface expressed receptors, ANTXR1 
or ANTXR2) (356). Following binding of PA to its receptors, PA-WT activation 
cleavage by furin catalyzes the formation of an oligomeric pore that enables highly 
efficient protease-activated delivery of cytotoxic cargo proteins into the cytosol (367-
372). (B) ZMTs are produced by mutation of the furin activation sequence on the wild-
type PA (PA-WT), which abrogates furin activation, to sequences predicted to be cleaved 
by pericellular zymogen-activating proteases. (C) Recombinant PAS was incubated with 
the soluble protease domains of testisin, matriptase, and hepsin (50nM) for up to 2.5 
hours (reactions were stopped at 15, 30, 60, 150 minutes). (D) Recombinant PAS was 
incubated with recombinant human MMP-2, MMP-9, and uPA and reactions were 
stopped at 30 and 60 minutes. Mutagenesis and PAS cleavage experiments were 
conducted in previous studies by Erik Martin (288). 
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pro-uPA zymogens are reported substrates for the OvCa-associated MASPs matriptase and 

hepsin (353). Previous characterization of these ZMTs confirmed abrogation of furin-

mediated cleavage of ZMTs  and cleavage of all ZMTs to various degrees by the 

recombinant testisin, matriptase, and hepsin catalytic domains (288). PAS was the only 

ZMT that was able to be cleaved by all three MASPs testisin, matriptase and hepsin. Time 

course assessment of PAS protein cleavage by recombinant MASPs showed complete 

activation cleavage of PAS by hepsin within 15 minutes and less efficient cleavage of PAS 

by testisin and matriptase (Fig. 5.1C). PAS was not cleaved by recombinant MMP-2, 

MMP-9 or uPA, indicating specificity for MASPs (Fig. 5.1D). Overactivity of hepsin, 

matriptase, and testisin, have all been implicated in OvCa malignancies (199), therefore 

we focused on PAS for subsequent in vitro and in vivo studies. 

 

5.2.2. PAS toxin is cytotoxic to cells expressing active MASPs. 

To investigate effective proteolytic cleavage of PAS on cells by MASP activation, 

HEK293T cells overexpressing active MASPs were generated (Fig. 5.2A-B) for treatment 

with PAS and the cytotoxic LF-fusion protein FP59 (279). Only a few molecules of FP59 

are sufficient to inactivate all eEF2 in a cell and inhibit protein synthesis (356), thus potent 

cell death is a valuable measurement of PAS activation in vitro. Increasing concentrations 

of PAS:FP59 resulted in increased dose dependent cell death for cells expressing hepsin 

(EC50 27 ng/mL), testisin (EC50 22 ng/mL), and matriptase (EC50 147 ng/mL), compared 

with control cells (EC50 > 500 ng/mL) (Fig. 5.2C). The dependence of cytotoxicity on 

active testisin was previously demonstrated (288) using HEK293T cells stably expressing  
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Figure 5.2. Expression of active MASPs in HEK293T cells increases PAS toxin 
induced tumor cell killing 
HEK293T cells were transiently transfected with plasmids encoding MASPs 
(pcDNA3.1/Hepsin and pcDNA3.1-HAI-2, pDisplay/Testisin, pIRES/Matriptase and 
pcDNA3.1-HAI-1) or corresponding vector control plasmids. HAI-1 and HAI-2 are 
established chaperones for matriptase and hepsin, respectively, and are required for 
protein expression. (A) mRNA expression relative to GAPDH (2^-ΔCT) was determined 
by qPCR at 72 hours post transfection and is represented as an average of 3-4 
independent experiments performed in triplicate +/- SEM (*p<0.05, **p<0.01, 
***p<0.005). (B) At 48 hours post transfection, AEBSF-sensitive cell surface serine 
protease activity was measured over time using the fluorogenic peptide substrate (Boc-
QAR-AMC). Activities are normalized to cell number. Data represented as average of 
triplicate wells +/- SEM from 3 independent experiments (left panel). Right panel data 
represents fold change in cell surface AEBSF-sensitive serine protease activity compared 
to control vector alone transfected cells. Data is represented as fold change relative to 
respective vector controls after 240 minutes of incubation with Boc-QAR-AMC. Data is 
the average of 3-4 independent experiments ± SEM performed in triplicate (*p<0.05, 
**p<0.01). (C) MASP expressing cell lines were incubated with PAS:FP59 (0-
100ng/mL) at 48 hours post transfection and cell viability was assessed 48 hours later by 
MTT assay. Data is represented as average percent viability relative to untreated controls 
± SEM from 3-4 independent experiments performed in triplicate (*p<0.05, **p<0.01). 
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wildtype testisin (Test) and two catalytically inactive testisin mutants, RA-Test and SA-

Test (218). Test cells were significantly more sensitive to PAS:FP59 compared to Vec, SA-

Test or RA-Test cells, strengthening the notion that PAS-induced cytotoxicity is dependent 

on MASP catalytic activity. 

 

5.2.3. MASP expression in a broad range of human OvCa cells 

MASP expression was investigated using a panel of 5 HGSC cell lines: ES-2, 

NCI/ADR-Res, OVCAR3, CAOV3, and COV362 (298), in addition to the non-

tumorigenic IOSE397 cell line derived from immortalized ovarian surface epithelial cells. 

Q-PCR analysis revealed that each of the cell lines expressed hepsin, testisin, and 

matriptase, providing the means for PAS proteolytic activation (Fig. 5.3A). In addition, the 

cell lines all express hepatocyte growth factor activator inhibitors, HAI-1 and HAI-2, co-

factors that function as chaperone proteins for expression and translocation of active 

matriptase and hepsin to the cell surface (108) (Fig. 5.3B), as well as ANTXR1 and 

ANTXR2 (Fig. 5.3C) which are receptors required for PAS cell surface binding. These 

data demonstrate that OvCa cells possess the required machinery for cleavage and 

activation of PAS. 

 

5.2.4. PAS toxin induced anti-tumor cytotoxicity requires serine protease activity 

Importantly, cell surface serine protease activity was significantly increased in all 

of the OvCa tumor lines compared to non-tumorigenic IOSE397 cells (Fig. 5.4A), 

confirming the over-activity of tumor-associated MASPs compared to their regulated state  
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Figure 5.3.  Ovarian tumor cells possess the machinery for sensitivity to PAS toxin 
Comparison of mRNA expression among 5 ovarian tumor cell lines of varying subtypes 
and the non-tumorigenic control IOSE 397. mRNA expression of (A) MASPs hepsin, 
testisin, matriptase, (B) HAI-1 and HAI-2 and (C) ANTXR1 (TEM-8) and ANTXR2 
(CMG-2) was determined by q-PCR analysis. Data is represented as 2-ΔCT relative to 
GAPDH and is the mean ± SEM from 2 independent experiments performed in triplicate. 
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Figure 5.4.  Comparison of cell surface serine protease activity and PAS toxin-
mediated cytoxicity 
(A) Cell lines were incubated with Boc-QAR-AMC (100µM) without or with AEBSF 
for 270 minutes (left panel). Endpoint values at 270 minutes (right panel). Data 
represents the average cell surface activity ± SEM  from 2-3 independent experiments 
performed in triplicate (*p<0.05 relative activity to IOSE397). (B) OvCa cell lines were 
treated with the indicated concentrations of PAS:FP59 and cell viability measured by 
MTT assay after 48 hours. Data represents average percent viability ± SEM  from 2-3 
independent experiments performed in triplicate. 
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in non-tumorigenic cells. The generality of PAS activation and toxin-induced ovarian 

tumor cell killing was investigated by treatment of the panel of OvCa cell lines with 

PAS:FP59 (Fig. 5.4B). The results showed variable cytotoxicity in all tumor cell lines 

across origin and subtypes (Fig. 5.4B). To evaluate the requirement of MASP cleavage for 

PAS:FP59 cytotoxicity, ES-2 and NCI/ADR-Res cells were preincubated with the 

synthetic serine protease inhibitor AEBSF prior to PAS:FP59 treatment. AEBSF 

pretreatment resulted in significant attenuation of toxicity in both cell lines (Fig. 5.5A), 

confirming that PAS:FP59 toxin-induced killing specifically requires MASP activity. 

 

Although the non-tumorigenic IOSE397 cells display low cell surface serine protease 

activity (Fig. 5.4A), they were highly susceptible to killing by PAS:FP59 (Fig. 5.4B EC50 

4 ng/mL). While delivery of FP59 is a useful reporter for evaluating proteolytic cleavage 

of PAS in in vitro tumor cell cultures, even delivery of small amounts of FP59 from low 

level PAS activation causes potent translation inhibition and cell death. FP59 is toxic in 

vivo, since only 2μg FP59 in combination with native PA is sufficient to kill a mouse (356). 

The natural anthrax toxin cargo, LF, is ~50-fold less potent than FP59 (356) and functions 

by a different, more selective mechanism of inhibiting pro-survival signaling pathways 

commonly utilized by tumor cells. Treatment with PAS:LF was cytotoxic to ES-2 cells 

(Fig. 5.5B, Fig. 5.6A EC50 158 ng/mL). Cytotoxicity was attenuated by AEBSF protease 

inhibition, showing dependence of PAS:LF on MASP activity (Fig. 5.5B). Notably, 

IOSE397 cells were not affected by treatment with  PAS:LF (Fig 5.6A EC50 >1000 ng/mL).  
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Figure 5.5. Inhibition of cell surface serine protease activity attenuates PAS toxin 
cytotoxicity 
(A) ES-2 and NCI/ADR-Res cells were incubated with or without AEBSF (100μM) for 
30 minutes, then treated with PAS:FP59 (0 or 100ng/mL) for 4 hours, and cell viability 
was determined after 48 hours by MTT assay. 100μM AEBSF was chosen after titration 
of doses that would cause minimal cytotoxicity. Treatment with AEBSF alone caused 
some cell toxicity (75-98%) depending on the experiment. The data was normalized to 
untreated cells and corrected for toxicity of AEBSF alone. Data represents an average 
percent viability ± SEM from 3 independent experiments performed in triplicate 
(***p<0.005). (B) ES-2 cells were incubated with or without AEBSF (100μM) for 30 
minutes, then treated with PAS:LF (0 or 250ng/mL) for 4 hours, and cell viability was 
determined after 48 hours by MTT assay.  Data represents an average percent viability 
± SEM from 3 independent experiments performed in triplicate (*p<0.05, **p<0.01, 
***p<0.005). 
 



 
 
 
 

148 
 

 

Figure 5.6. Susceptibility of OvCa cell lines to PAS toxin 
(A) ES-2, NCI/ADR-Res, and IOSE397 cells were treated once with various 
concentrations of PAS:LF or PAS:FP59 (0-1000ng/mL); cell viability was assessed by 
MTT assay after 48 hours. Data represents average percent viability from 2-4 
independent experiments ± SEM performed in triplicate. (B) ES-2, NCI/ADR-Res, and 
IOSE397 cells were treated with PAS:LF (0 or 1000ng/mL) 3 times every 48 hours and 
measured by MTT assay 48 hours after the 3rd treatment. Data represents an average 
percent viability from 3-5 independent experiments ± SEM performed with 3-5 
replicates (***p<0.005, ****p<0.001). (C) Cell lines were treated with 0-1000ng/mL 
LF or FP59 only for 48 hours and viability was measured by MTT assay. 
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The multi-drug resistant NCI/ADR-Res cells are resistant to PAS:LF (Fig 5.6A EC50 > 

1000 ng/mL), however we found that multiple sequential treatments of PAS:LF enhanced 

cell killing. (Fig. 5.6B). ES-2 cells showed increased cytotoxicity with multiple sequential 

treatments of PAS:LF while multiple treatments did not affect IOSE397 cells (Fig. 5.6B), 

suggesting that optimization of dosing regimens with PAS:LF can further enhance anti-

tumor cytotoxicity. Treatment of these cell lines with LF alone did not induce cytotoxicity 

under the same conditions (Fig. 5.6C), confirming that the PAS:LF toxin requires both 

components for anti-tumor toxicity. Together these data indicated PAS:LF as a promising 

strategy for tumor cell selective cytotoxicity.  

 

5.2.5. Susceptibility of OvCa monolayers and spheroids to PAS:LF cytoxicity 

Because OvCa cells are frequently found in the peritoneal cavity as spheroids, and since 

spheroid formation can alter the properties of tumor cells to promote drug resistance (373), 

we investigated the susceptibility of multicellular ovarian tumor spheroids to PAS:LF 

toxin. Spheroids were generated in vitro using ES-2 and NCI/ADR-Res cells by plating 

them on low-attachment agarose-coated plates. PAS:LF achieved a 40-45% reduction in 

viability of ES-2 spheroids when treated either once or three sequential times over a 7-day 

period (Fig. 5.7A). Although monolayer NCI/ADR-Res cells were resistant to one 

treatment of PAS:LF, NCI/ADR-Res spheroids showed a ~15% reduction in viability after 

one treatment and a ~30% reduction in viability after three sequential treatments (Fig. 

5.7B). Similar to cell monolayers, both ES-2 and NCI/ADR-Res spheroids were sensitive 

to treatment with PAS:FP59 (Fig. 5.7C), confirming effective PAS cleavage. These data  
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Figure 5.7. Susceptibility of OvCa spheroids to PAS toxin 
(A)  ES-2 and (B) NCI/ADR-Res spheroids were formed on agarose-coated 96 well 
plates overnight, and then treated with 1000ng/mL LF alone or PAS:LF 1 time or 3 times 
every 48 hours (over a total of 7 days). Spheroid viability was measured 48 hours after 
the last treatment by PrestoBlue or ImageJ quantification of decrease in size. Data 
represents average viability of 2-3 independent experiments ± SEM performed in 
triplicate (*p<0.05, **p<0.01, ***p<0.005, ****p<0.001, ns = not significant). (C) ES-
2 and NCI/ADR-Res spheroids were formed on agarose-coated 96 well plates overnight 
and treated once with 1000ng/mL FP59 alone or PAS:FP59, spheroid viability was 
measured as above after 48 hours (*p<0.05). 
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demonstrate the anti-tumor effect of PAS:LF in OvCa spheroids and suggest differences 

between monolayers and formed spheroids in their susceptibility to PAS:LF cytotoxicity. 

 

5.2.6. Differential susceptibility of OvCa monolayers and spheroids to PAS:LF 

cytotoxicity correlates with MAPK pathway activation. 

Since LF irreversibly inactivates MEKs (354,355), we compared the activation status of 

endogenous pERK1/2 levels in ES-2 and NCI/ADR-Res monolayers and formed 

spheroids, which could contribute to their different susceptibilities to PAS:LF. High levels 

of pERK1/2 were detected in the ES-2 monolayers, which were significantly decreased in 

spheroids formed from the ES-2 cells (Fig. 5.8A). On the other hand, minimal ERK1/2 

activation was detected in the NCI/ADR-Res monolayers, but pERK1/2 was substantially 

increased in the formed NCI/ADR-Res spheroids (Fig. 5.8B). Total ERK1/2 levels were 

similar between the monolayers and spheroids for both cell lines (Fig. 5.8A-B). These data 

suggest that there is plasticity in MAPK pathway activation between cancer cell 

monolayers and formed spheroids, and that increased MAPK pathway activation likely 

influences increased susceptibility to PAS:LF induced killing.  

 

5.2.7. Potent anti-tumor effect of PAS:LF toxin on a preclinical orthotopic ES-2-Luc 

xenograft model of OvCa dissemination and metastasis  

On the basis of observed in vitro cytotoxicity of ES-2 cells to PAS:LF, the ability 

of PAS:LF toxin to inhibit OvCa tumor growth and metastasis in vivo was initially 

investigated in previous work by Erik Martin (288) in collaboration with the UMGCCC 
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Figure 5.8. Susceptibility of OvCa spheroids to PAS toxins 
Immunoblots of whole cell lysates prepared from (A) ES-2 and (B) NCI/ADR-Res cells 
and spheroids were  immunoblotted for human anti-pERK1/2 and total ERK1/2 on 
independent western blots (rabbit mAbs, Cell Signaling Technologies); β-tubulin was 
probed as independent loading control (rabbit pAb, Santa Cruz Biotechnologies). (left 
panels). Signals quantitated by densitometry (ImageJ) were normalized to β-tubulin and 
represented as relative pERK/total ERK (average of values from 3 independent 
experiments ± SEM, **p<0.01, ****p<0.001) (right panels). 
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TLSS using an established intra-peritoneal (i.p.) ES-2-Luc orthotopic xenograft model 

(described in (256)), which reproduces key events of late-stage OvCa metastasis. Cohorts 

of female athymic nude mice were injected i.p. with ES-2-Luc cells and tumor burden was 

monitored longitudinally in live animals by IVIS. After 4 days, tumor bearing mice were 

sorted into 4 cohorts (5 mice/group) and each cohort received four total i.p. injections 

composed of either 15 μg PAS:5 μg LF, 15 μg PAS alone, 5 μg LF alone, or vehicle (PBS) 

twice a week for 2 weeks; mice were euthanized on Day 15 (Fig. 5.9A). Mice treated with 

PAS:LF showed significantly reduced tumor burden over the course of the experiment 

(Fig. 5.9B) and after 14 days, the average tumor burden in PAS:LF treated mice measured 

just 3% of the tumor burden present in vehicle alone (PBS) treated mice (Fig. 5.9C). In 

mice treated with PBS, PAS or LF alone, ES-2-Luc tumor burden appeared as widespread 

small tumor foci which were too numerous to count. These tumor nodules were distributed 

throughout the abdominal cavity, both floating in the ascites as spheroids and attached to 

various organs and the peritoneal wall. The tumor foci favored attachment adjacent to 

blood vessels of the tissue layer lining the peritoneal cavity, as well as membranous tissue 

surrounding the mesenteric arteries located in between, and distributing blood to, the 

intestinal tract (Fig. 5.9D). Tumors were consistently observed to accumulate on the 

diaphragm as a thick white layer of tumor cell plaque covering the translucent muscle. 

Tumor foci were distributed adjacent to the spleen, liver, kidneys, and intestinal tract. 

Disease presentation in this model is consistent with disease presentation in OvCa patients. 

In contrast, PAS:LF treated mice did not present with ascites fluid accumulation or 

widespread tumor foci throughout the peritoneal cavity (Fig. 5.9D). All treatments of the  
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Figure 5.9. PAS toxin effectively reduces tumor burden and extends survival in 
preclinical xenograft models: ES-2-Luc orthotopic model of metastasis 
(A) At Day 0, female athymic nude mice (5/group) were injected i.p. with 5x106 ES-2-
Luc cells (400μL) and sorted 4 days later according to equal tumor burden. Cohorts of 
mice were treated with either vehicle alone (PBS), 5μg LF alone, 15μg PAS alone, or 
15μg PAS: 5μg LF at Day 5, and twice a week thereafter (indicated by arrows) until 
euthanized on Day 14. Tumor burden was measured via IVIS imaging periodically. (B) 
Images represent the peak luciferase activity levels in the individual mice monitored 
by in vivo bioluminescence imaging. (C) Quantification of the average photon intensity 
± SEM (***p<0.005). (D) Representative images upon necropsy show tumor burden 
completely covering the diaphragm in PBS, LF alone, and PAS alone treated mice, while 
PAS:LF treated mice diaphragms remain transparent enough to see the lungs underneath. 
Tumor burden in PBS, LF alone, and PAS alone treated mice completely obstruct the 
mesenteric arteries, whereas the arteries are visible in PAS:LF toxin treated mice. 
Representative tumor nodules on the diaphragm, liver, omentum, and mesenteric arteries 
are highlighted by white arrowheads. This experiment was conducted during previous 
studies by Erik Martin (Antalis Laboratory) in collaboration with UMGCCC TLSS staff. 
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PAS:LF toxin, or the components alone, were well tolerated, as the mice experienced no 

treatment specific weight loss, adverse symptoms, or gross organ damage as visualized 

upon necropsies. These data demonstrate that PAS:LF toxin effectively reduces OvCa 

metastasis in vivo. Co-administration of both PAS and LF is required for effective killing, 

showing that cytotoxicity is not due to the action of either component alone. 

 

5.2.8. PAS:LF toxin effectively kills advanced disease and extends survival of ES-2-Luc 

tumor bearing mice 

Previous studies by Erik Martin (Antalis laboratory) in collaboration with the 

UMGCCC TLSS sought to determine the effect of PAS:LF on tumor-bearing mouse 

longevity (288). Mice bearing ES-2-Luc tumors were treated with three doses of PAS:LF 

or vehicle and the disease was allowed to progress until the mice reached experimental 

endpoints. Tumor-bearing mice treated with all doses of PAS:LF lived significantly longer 

and displayed significantly reduced peritoneal tumor dissemination than mice treated with 

vehicle, demonstrating that PAS toxin significantly prolongs the mean survival time of 

mice compared to control animals. Furthermore, in view of the limited treatment options 

for the majority of patients with advanced stage OvCa, previous studies sought to 

determine the anti-tumor effect of PAS:LF on established peritoneal metastases. PAS:LF 

treatment of established ES-2-Luc tumors (ten days after cell injection) showed 

significantly reduced tumor burden with just 2 treatments, demonstrating the efficacy of 

PAS:LF treatment against advanced OvCa. 
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5.2.9. Proteolytic activation is required for PA to reduce ES-2-Luc tumor burden 

To assess the requirement for proteolytic activation of the PAS toxin to kill ES-2-

Luc tumor cells in vivo, the anti-tumor effect of PAS was compared with a mutant PA 

protein, PA-U7 (290) that was designed to not be cleaved by any known proteases 

(164PQAR replaced with 164PGG) in previous studies by Erik Martin (Antalis laboratory) 

in collaboration with the UMGCCC TLSS. PA-U7:LF treatment of mice bearing ES-2-Luc 

tumors did not significantly reduce peritoneal metastasis compared to PAS:LF or PBS 

treatment, demonstrating that the PA system is highly selective and requires proteolytic 

activation for its anti-tumor effect in vivo (288). 

 

5.2.10. PAS:LF toxin treatment reduces ovarian tumor burden in an ES-2-Luc minimal 

residual disease model of OvCa metastasis 

Currently, the standard treatment for advanced OvCa is debulking surgery to reduce 

tumor size to less than 1cm followed by postoperative chemotherapy (374), with most 

women also undergoing a bilateral salpingo-oophorectomy with hysterectomy. However, 

tumor recurrence can stem from minimal residual disease remaining following surgery and 

development of chemoresistance. To investigate the efficacy of PAS:LF in reducing 

residual tumors post-surgery, we established a minimal residual disease xenograft model 

using ovariectomized female nude mice in collaboration with Gregory Conway (Antalis 

laboratory) and the UMGCCC TLSS (295). Mice were injected i.p. with ES-2-Luc cells 

and the following day treated with PAS:LF or LF alone, when tumor burden was barely 

detectable (Fig. 5.10A) to replicate minimal disease. Quantification of IVIS imaging 

revealed that treatment with PAS:LF toxin resulted in a rapid and significant decrease in  



 
 
 
 

157 
 

 

Figure 5.10. PAS toxin effectively reduces tumor burden in an ES-2-Luc minimal 
residual disease model of OvCa metastasis 
(A) Ovariectomized nude mice were injected i.p. with 5x106 ES-2-Luc cells and the 
following day mice were imaged using IVIS and sorted into 2 cohorts (5 mice/group) 
with similar tumor burden. PAS:LF treatment (15μg PAS:5μg LF or 5μg LF alone) was 
initiated at day 1 post-tumor injection, when tumor burden was barely detectable to 
replicate minimal disease. The cohorts received a total of 5 treatments over two weeks. 
(B) Tumor burden was monitored at days 1 and 11 by IVIS imaging. Mice were 
euthanized on Day 11 due to advanced tumor burden and accumulation of ascites in the 
LF control group. (C) Average photon intensity was quantified ± SEM (**p<0.01, 
***p<0.005). This experiment was conducted in collaboration with Gregory Conway 
(Antalis Laboratory) and UMGCCC TLSS Staff. 
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tumor burden by day 5, with PAS:LF treated mice showing a 97% reduction in tumor 

burden compared to those treated with LF alone; this growth inhibition was effectively 

maintained throughout the treatments (Fig. 5.10A-B). These data provide evidence that 

PAS toxin is effective in reducing residual tumors post debulking surgery.  

 

5.2.11. PAS:LF toxin treatment reduces ovarian tumor burden in a second orthotopic 

xenograft model of OvCa metastasis: NCI/ADR-Res-Luc 

To address the generality of the PAS:LF anti-tumor effect, we developed a second model 

of intraperitoneal metastasis using multi-drug resistant NCI/ADR-Res-Luc cells, originally 

derived from a high-grade serous adenocarcinoma in collaboration with Gregory Conway 

(Antalis laboratory) and the UMGCCC TLSS. NCI/ADR-Res-Luc metastases develop 

more slowly than ES-2-Luc metastases in vivo, but the pattern of peritoneal tumor 

dissemination is similar to ES-2-Luc (295). Cohorts of female athymic nude mice bearing 

NCI/ADR-Res-Luc tumors were treated with 2 doses of PAS:LF, LF alone or vehicle alone 

(PBS) (Fig. 5.11A). Quantification of tumor burden by IVIS imaging showed that by day 

25 post tumor injection, treatment with PAS:LF resulted in a 67% reduction in NCI/ADR-

Res-Luc tumor burden at the lower dose tested and a 74% reduction at the higher dose, 

compared to LF alone (Fig. 5.11B-C). The maximal reduction in tumor burden was 

achieved with 45μg PAS:15μg LF when the experiment was terminated, an almost 90% 

reduction in tumor burden compared to treatment with LF alone (Fig. 5.11C). These data 

further demonstrate significant efficacy of PAS:LF treatment in preclinical models of 

OvCa.  
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Figure 5.11. NCI/ADR-Res-Luc orthotopic model of ovarian tumor metastasis 
(A) Cohorts of female athymic nude mice were injected i.p. with 5x106 NCI/ADR-Res-
Luc cells and 10 days post injection sorted into 3 cohorts with similar tumor burden (5 
mice/group) as measured by IVIS imaging. Each cohort received three i.p. injections 
every week over 4 weeks containing 15µg PAS:5µg LF, 45µg PAS:15µg LF, 5µg LF 
alone or vehicle alone (PBS). (B) Tumor burden was monitored at days 10, 25 and 39 
post tumor injection by IVIS imaging. Images represent the peak luciferase activity 
levels. One mouse in the 45:15 PAS:LF group was euthanized due to body weight loss 
after Day 10. (C) Photon intensities via IVIS imaging are quantified; data is represented 
as mean ± SEM (*p<0.05, **p<0.01). This experiment was conducted in collaboration 
with Gregory Conway (Antalis Laboratory) and UMGCCC TLSS Staff. 
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5.2.12. PAS:LF toxin treatment is well-tolerated in mice 

Administration of PAS:LF elicits robust in vivo anti-tumor responses and appears to be 

well tolerated in several diverse models of OvCa metastasis. To investigate potential 

PAS:LF toxicities at effective anti-tumor doses used in the xenograft OvCa models, 

outbred CD1 mice were challenged with PAS:LF 15:5, PAS:LF 45:15 or vehicle alone 

(PBS) delivered i.p. three times per week for two weeks. The appearance, movement, and 

behavior of all mice remained normal throughout the experimental period. Complete 

necropsies were performed after two weeks including gross overall inspection, 

histopathological studies, and blood chemistry analysis. We found that the treatments that 

gave effective anti-tumor responses in the xenograft tumor models were well-tolerated as 

judged by no significant effects on spleen weights, colon lengths and colon weights (Fig. 

5.12A). Since PAS has the potential to be activated by MASPs expressed in various tissues, 

as confirmed by BioGPS Database analysis (Fig. 5.13), we also analyzed potential off-

target organs (liver, kidney, and colon) by histopathological analyses. No significant 

structural damage was observed, and overall blood count and chemical analysis showed no 

apparent toxicities (Fig. 5.12B-D). These data confirmed that the PAS:LF toxin is well-

tolerated at the effective doses used in vivo. 

 

5.2.13. PAS toxin impairs growth of tumor cells from patient-derived ascites 

Because tumor cell lines can acquire unanticipated phenotypes during adaptation 

to in vitro culture conditions, we sought to investigate PAS:LF toxin efficacy in primary 

human OvCa. Examination of hepsin, matriptase and testisin gene expression using a  
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Figure 5.12. PAS:LF toxin is well tolerated in mice 
Female CD1 mice (4/group) were treated with i.p. injections of vehicle (PBS) or 
escalating doses of PAS:LF (15μg PAS:5μg LF or 45μg PAS:15μg LF) three times a 
week for 2 weeks. (A) Upon necropsy, spleen weight, empty colon length, and empty 
colon weight were recorded as signs of gross inflammation or toxicity. Data represents 
average of 4 mice per group ± SEM (ns = non-significant). (B) Whole blood was 
collected and subjected to complete blood count and chemical analysis (VRL 
Laboratories). (C) Whole livers and kidneys were harvested, paraffin-embedded, 
sectioned and H&E stained. Representative images of 20X and 40X magnified areas 
show no gross morphological changes in PAS toxin treated organs compared to vehicle 
control. (D) Colons were prepared using standard Swiss roll technique, paraffin-
embedded, sectioned and H&E stained. Representative images of 20X and 40X 
magnified areas show no gross morphological changes in PAS:LF toxin treated colons 
compared to vehicle control. 
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Figure 5.13. Hepsin, testisin, and matriptase have limited expression in normal 
human tissues 
mRNA expression of MASPs hepsin, testisin, and matriptase in a range of healthy human 
tissues was determined using publicly available data generated from high-density 
oligonucleotide arrays (Human U133A/GNF1H Gene Atlas, BioGPS, The Scripps 
Research Institute). Data was analyzed and presented using RStudio. 



 
 
 
 

164 
 

Human Ovarian Cancer TissueScan Array demonstrated that these MASPs are 

significantly elevated in OvCa across different histological types and stages, compared to 

normal ovarian tissue (Fig. 5.14A). Tumor cells and spheroids in malignant ascites fluid 

are a major source of disease recurrence in OvCa patients (29). To investigate the 

susceptibility of primary human tumor cells to PAS toxin cytotoxicity, ascites fluid from 

OvCa patients representing different stages, origins, and subtypes was collected and 

cytospins were stained to confirm expression of key identifiers of ovarian tumor cells, 

CA125 and PAX8 (Fig. 5.14B).  The tumor cells were cultured on low-attachment agarose 

where they formed organotypic multicellular spheroids within 24 hours. Treatment with 

PAS:LF (2-6μg/mL) resulted in ~40% reduced tumor cell viability (Fig. 5.15A), and 

similarly, treatment with PAS:FP59 resulted in ~48% reduced tumor viability across these 

heterogeneous patient specimens (Fig. 5.15B). These data suggest that PAS:LF toxin is 

likely to be broadly effective for a wide range of OvCa patients.  

 

5.2.14. PAS toxin impairs the growth of ovarian patient-derived xenografts (PDX). 

PDX models have the advantage of preserved fidelity to the original cancer in terms 

of genomic characteristics and retention of intratumoral heterogeneity. Chemo-resistant 

epithelial ovarian PDX tumors implanted s.c. into the flanks of female NRG mice, were 

administered intratumoral injections of PAS:LF, LF alone, PAS alone, or vehicle (PBS) 

(Fig. 5.16A(i)). The tumors treated with vehicle, PAS alone, or LF alone were significantly 

larger than the tumors treated with PAS:LF by day 27 (4.7, 4.5, and 3-fold respectively) 

(p<0.001) (Fig. 5.16A(ii-iii)). Histopathological analysis of H&E-stained tumor tissues  
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Figure 5.14. Investigation of MASP overexpression in OvCa patient tumors and 
isolation of patient ascites-derived tumor cells 
(A) Real-time q-PCR analysis showing increased hepsin, testisin and matriptase mRNA 
expression OvCa of various histological type and stage of tumorigenic development 
(Human Ovarian Cancer TissueScan Array (Origene, Rockville, MD, USA) compared 
with normal ovary tissue. Data is represented as relative expression compared to normal 
ovary tissue normalized to β-actin (*p<0.05, ***p<0.005, ****p<0.001). (B) Tumor 
cells recovered from ascites fluids from 5 patients were collected by centrifugation, 
contaminating red blood cells removed by hypotonic lysis, and cytospins assessed for 
tumor purity by Kwik-Diff stain and expression of the OvCa markers CA125 and PAX8. 
Images are 40X original magnification. The tumor cell percentage of total cells in ascites 
fluid was quantified using ImageJ. The chemotherapy treatment status, histological 
subtype, tumor stage, and primary tumor origin were determined by independent staff 
pathologists as part of the clinical diagnosis. 
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Figure 5.15. Anti-tumor cytotoxicity of PAS toxin in patient-derived primary 
human tumors 
Recovered human ascites tumor cells were seeded on agarose-coated plates for 24 hours 
where they formed organotypic multicellular spheroids. Spheroids which were treated 
twice with  (A) PAS:LF or (B) PAS:FP59 (Patients 1-2: 2μg/mL, Patients 3-5 6μg/mL) 
for a total of 120 hours. Spheroid viability relative to untreated controls was quantified 
via PrestoBlueTM or ImageJ and is shown as (i) an average of 3-6 replicates ± SEM for 
each independent patient sample or (ii) average of 5 patient samples ± SEM (**p<0.01, 
****p<0.001). (iii) Representative images of spheroids from Patient #4 and Patient #5 
after 120 hours of treatment are shown. 
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Figure 5.16. Intratumoral PAS:LF toxin treatment reduces PDX tumor burden 
Ovarian PDX tumor cells  (NCI:572874-153T) were subcutaneously implanted and 
serially expanded in female NRG mice. (A) (i) Once tumors reached ~100mm3, mice 
were treated with intratumoral injections of vehicle (PBS), PAS alone (15μg), LF alone 
(5μg), or PAS:LF (15μg:5μg) for a total of 7 injections.  (ii) Tumors were measured over 
time and harvested at endpoint; (iii) representative images are shown. (B) Tumors were 
paraffin-embedded, sectioned, and H&E stained. Representative images of 10X whole 
scan and 20X magnified area of H&E stain. Serial sections were stained with CA125 and 
CD31. This experiment was conducted in collaboration with the UMGCCC TLSS. 
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showed enhanced areas of necrosis in PAS:LF treated tumors (Fig. 5.16B). In an 

independent experiment, cohorts of mice carrying ovarian PDX tumors were treated with 

i.p. injections of PAS:LF or LF alone (Fig. 5.17A(i)). By day 20, the tumors treated with 

LF alone grew significantly to an approximate 4-fold increase in volume, whereas no 

significant increase was observed in PAS:LF treated tumors (only about a 1.3-fold 

difference in volume (p<0.005) (Fig. 5.17A(ii-iii)). Histopathological analysis of H&E-

stained tumor tissues showed that the antitumor effects occur predominantly through 

necrosis (Fig. 5.17B). Histopathological analyses of potential off-target organs showed no 

significant structural damage (Fig. 5.17C). These data demonstrate a potent anti-tumor 

effect of the PAS toxin on a human patient  

tumor in a mouse model in vivo, by direct or clinically relevant indirect delivery.  

 

5.3. Improving Efficacy of Combination Chemotherapy with PAS:LF toxin 

5.3.1. Combination chemotherapy (CPTX) treatment induces MAPK pathway activation 

in malignant OvCa cells 

The combination of carboplatin and paclitaxel (CPTX) is a standard of care first-

line chemotherapy regimen for women diagnosed with OvCa. Increasing evidence 

implicates activation of the oncogenic MAPK pathway as central to chemoresistance (375). 

To investigate the effect of CPTX on MAPK pathway activation in our OvCa cell models, 

ES-2 and NCI/ADR-Res cells were treated with CPTX and endogenous phosphorylated-

ERK1/2 (pERK1/2) levels were monitored by immunoblot as a readout for MAPK pathway 

activation. P-ERK1/2 was detected in both tumor lines, and these levels were substantially 

increased upon treatment with CTPX (Fig. 5.18A-B); lanes 1 versus 3). Notably, PAS:LF  
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Figure 5.17. Intraperitoneal PAS:LF toxin treatment reduces PDX tumor burden 
Ovarian PDX tumor cells  were implanted and serially expanded in female NRG mice. 
(A) (i) Once tumors reached ~100mm3, mice were treated with a total of 4 
intraperitoneal injections of 5μg LF alone or 15μg PAS:5μg LF (3/group) over 1.5 
weeks. (ii) Tumor volumes were measured using calipers over time (***p<0.005, 
****p<0.001) and (iii) harvested at endpoint (representative images of harvested tumors 
are shown).  (B) Harvested tumors treated with intraperitoneal doses were paraffin-
embedded, sectioned and H&E stained (representative images of 10X whole scan and 
20X magnified area). Serial sections were stained with CA125 and CD31. Percent 
necrotic area was quantified from H&E whole scans using Image J; data represents 
average values ± SEM (**p<0.01 right panel). (C) Histopathological analyses of liver 
and kidney tissues after intraperitoneal PAS:LF treatment. Representative images (20X 
and 40X magnification) of H&E-stained liver and kidney tissue of mice treated with 
intraperitoneal injections of PAS:LF (15μg:5μg) show no gross morphological changes. 
This experiment was conducted in collaboration with the UMGCCC TLSS. 
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Figure 5.18. CPTX treatment increases MAPK pathway activation, that is inhibited 
with PAS:LF 
(A) ES-2 and (B) NCI/ADR-Res cells were treated with PAS:LF, CPTX, or 
PAS:LF+CPTX together for 48 hours and protein lysates analyzed by reducing SDS-
PAGE and immunoblot for phosphorylated ERK1/2 (pERK1/2), total (Σ) ERK1/2 and 
β-tubulin. Densitometric analysis via ImageJ (NIH) compared relative levels of 
pERK/total ERK normalized to the loading control β-tubulin. (*indicates darker 
exposure). 
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 treatment very potently reduced pERK1/2 levels (Fig. 5.18A-B; lanes 1 versus 2), 

confirming accounts of MAPK inactivation by LF from the literature (376). 

 

5.3.2. PAS:LF increases OvCa sensitivity to CPTX in OvCa cell lines and patient ascites-

derived spheroids 

The dramatic inactivation of MAPK pathway signaling by PAS:LF suggested that 

combined treatment of CPTX with PAS:LF toxin could be an effective strategy for 

targeting OvCa tumors that rely on constitutive activation of this pathway. Treatment of 

ES-2 and NCI/ADR-Res cells with PAS:LF toxin and CPTX led to significantly  

enhanced cell death (pink solid line) compared to CPTX alone (green dashed line) or 

PAS:LF alone (black solid line) (Fig. 5.19). 57% cell death in ES-2 and  62% cell death 

in NCI/ADR-Res cells was achieved even with lower PAS:LF concentrations 

(50ng/mL) when combined with CPTX, suggesting that the two treatments are 

complementary. Additionally, treatment of patient ascites-derived tumor cells (cultured 

short term in vitro) with PAS:LF enhanced CPTX-induced cell killing (Fig. 5.19C). 

Tumor cells derived from an independent patient (Patient #2 from Fig. 5.14) and 

cultured immediately on low-attachment agarose as spheroids were also killed more 

effectively when treated with PAS:LF and CPTX (~54% viability) compared to CPTX  

alone (~93% viability) (Fig. 5.19D). It is likely that CPTX treatment results in an 

increased cell dependence on MAPK for survival, allowing LF-mediated inactivation 

of MAPK pathway members to be more cytotoxic. These data suggest potential for 

concurrent or adjuvant treatments with PAS:LF + CPTX for advanced OvCa.  
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Figure 5.19. PAS:LF treatment increases sensitivity to CPTX treatment in OvCa 
cell lines and patient-ascites-derived spheroids 
(A) ES-2 and (B) NCI/ADR-Res cells were treated with increasing concentrations of 
PAS:LF alone (0-500ng/mL),  CPTX alone (50μM carboplatin+2.5nM paclitaxel; doses 
chosen based on calculated IC50 (not shown))), or  PAS:LF + CPTX for 48 and 72 hours 
respectively. Cell viability was assessed by MTT assay. Data is the average percent 
viability ± SEM from 2-3 independent experiments performed in triplicate (*p<0.05, 
**p<0.01, ns=not significant). (C) Tumor cells isolated from Patient #5 ascites fluid 
(Fig. 5.14B) were cultured up to passage 5 in vitro; cells were treated with CPTX alone 
(50µM carboplatin, 2.5nM paclitaxel) or CPTX + PAS:LF (1000ng/mL) and viability 
was assessed compared to untreated cells at 48 hours by MTT (***p<0.005). (D) Tumor 
cells were isolated from Patient #2 ascites fluid (Fig. 5.14B) and allowed to form 
spheroids on agarose-coated plates overnight. Formed spheroids were left untreated, or 
treated twice with CPTX alone, (50µM carboplatin, 2.5nM paclitaxel) or CPTX in 
combination with PAS:LF (2μg/mL). Viability was measured by LIVE/DEAD stain 
(ThermoFisher) at 120 hours, and representative images of spheroids visualized by 
EVOS are shown (4X magnification). Percentage of green fluorescence intensity 
(indicating viable cells) relative to untreated controls was quantified by ImageJ. 
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 5.3. Summary of results 

Here we describe the development of a novel protease-activated, AT-based prodrug 

that exploits the hyperactivity and overexpression of tumor-associated zymogen activating 

serine proteases, which are recognized to modulate the metastatic properties of these 

tumors. PAS:LF toxin kills OvCa cells in vitro and substantially inhibits dissemination of 

OvCa in intraperitoneal xenograft models as well as ovarian PDX tumor models with no 

apparent adverse effects on normal tissues. We demonstrated that MAPK pathway 

activation is variable amongst OvCa cells and spheroids, which can potentially alter 

susceptibility to the MEK inactivation mechanism of PAS:LF induced anti-tumor  

cytotoxicity. Furthermore, our results demonstrate increased activation of MAPK pathway 

upon treatment with CPTX combination chemotherapy, which may play a role in tumor 

cell survival and chemoresistance. Our data showed that CTPX in combination with 

PAS:LF toxin induced improved anti-tumor cytotoxicity compared to either treatment 

alone in preliminary in vitro studies using OvCa cell lines and patient ascites derived 

spheroids. The irreversible enzymatic inactivation of a key pro-survival signaling pathway 

that drives chemoresistance (Fig. 5.20) can be very beneficial for women with advanced-

stage OvCa. These data indicate that PAS:LF toxin is a strong candidate for further 

translational development. 
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Figure 5.20. Proposed model of combination CPTX and PAS:LF toxin treatment 
CPTX-induced pro-survival pathways that promote chemoresistance can be leveraged 
by irreversible inactivation by LF, upon cellular delivery dependent on tumor-associated 
MASP cleavage of re-engineered PAS. 
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CHAPTER 6. DISCUSSION AND FUTURE DIRECTIONS 

OvCa remains a primary cause of cancer death in women. Standard of care treatments for 

advanced OvCa have seen little improvement over the past 30 years, due to lack of effective 

targeted therapies to treat passively disseminated and aggressive metastatic tumor burden 

and prevent recurrence of chemoresistant tumors. Complications resulting from 

disseminated peritoneal metastasis are the primary cause of mortality in OvCa patients, and 

a major obstacle lies in lack of knowledge of the biological underpinnings that govern 

OvCa metastatic processes (377). 

 

These studies demonstrate the role of unopposed matriptase proteolytic activity and 

constitutive activation of a PAR-2/PI3K/Akt/MMP-9/E-cadherin signaling axis in 

disrupting cell-cell interactions to promote formation of loose spheroids that easily 

disseminate and acquire metastatic properties. In normal physiological settings, matriptase 

activities are tightly regulated by complex mechanisms involving inhibitor-assisted 

autoactivation, inhibition and shedding (353,378,379). The ratio between the expression of 

matriptase and its cognate inhibitors HAI-1 and HAI-2 is increasingly recognized as an 

important determinant of oncogenesis in multiple epithelial derived cancers (108). While 

the distinct roles for HAI-1 and HAI-2 in the regulation of matriptase are complex and still 

being elucidated, HAI-1 is believed to be a major regulator the activity of matriptase, 

whereas HAI-2 is a principal regulator of prostasin-dependent matriptase zymogen 

activation (115). Oberst et al reported that in most advanced-stage ovarian tumors that do 

express matriptase, HAI-1 was rarely co-expressed, while about 30% of lower stage tumors 
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co-expressed matriptase and HAI-1 proteins (212). Through our Kaplan-Meier analysis of 

TCGA data, we indeed find that patients with low HAI-1 expression and high matriptase 

expression exhibit poor progression-free survival, while patients with high matriptase and 

high HAI-1 expression exhibit more favorable progression-free survival. These findings 

highlight the importance of matriptase activity, unopposed by HAI-1, versus high 

expression in OvCa disease progression.  

 

Loose spheroid morphology and properties of spheroid dissemination were demonstrated 

to be dependent on the proteolytic activity of matriptase, since these properties were 

abrogated using an activity blocking antibody (Fig. 3.8). Our chemical inhibitor screen 

revealed a matriptase-activated PAR-2 dependent PI3K/Akt signaling axis that also 

contributed to loose spheroid morphology. Deregulation of the PI3K/Akt signaling 

pathway has been identified as the most frequently altered in OvCa, with over 70% of 

OvCa cases exhibiting excessive pathway activation (380), leading to enhanced 

proliferative, migratory, and invasive behaviors (381). In breast cancers, PAR-2 and 

PI3K/Akt signal activation have been reported to regulate cytoskeletal tension and promote 

microvesicle formation by actin and actomyosin remodeling (382) and are postulated to 

directly oppose cell-cell adhesion required for tumor cell aggregation (383). In accordance 

with this, overactive matriptase in zebrafish hai-1a morphants is correlated with enhanced, 

PAR-2 dependent adherens junction disruption and cell extrusion in periderm keratinocytes 

(123). The adherens junction protein E-cadherin plays a crucial role in cell-cell interactions 

and maintaining cohesive spheroids and tumors (324,384-387). It is likely that the 
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enhanced overactivity of matriptase in OvCa promotes constitutive PAR-2 and 

downstream PI3K/Akt signaling, which orchestrates a shift in cytoskeletal tension to 

disrupt E-cadherin mediated cell-cell adhesion and confer mesenchymal and invasive 

properties to OvCa spheroids.  

 

OvCa spheroids maintain plasticity between epithelial-like and mesenchymal-like 

characteristics (56,57). Spheroid populations with heterogenous phenotypic properties 

have been isolated from malignant patient ascites fluid, but molecular determinants and 

how they influence aggressive disease are thus far unclear. Although positive correlations 

between cohesive spheroids and tumorigenicity have been reported (306,388), other 

findings suggest an invasive advantage for less cohesive tumors depending on tumor 

context (389). Based on our data, it is likely that matriptase activation of PAR-2 signaling 

behaves as an orchestrator of phenotypic plasticity for OvCa spheroids, promoting 

epithelial-like spheroids in the ascites fluid, forming “loose” and less cohesive aggregates, 

and mesenchymal-like spheroids when attached to the mesothelium, which are highly 

migratory and invasive. Matriptase and PAR-2 mediated downregulation of E-cadherin, as 

well as MMP-9-mediated cleavage of E-cadherin may prevent tight compaction from 

occurring, resulting in the observed loosely aggregated spheroids. 

 

Our studies uniquely demonstrate indirect upregulation and enhanced proteolytic activity 

of MMP-9 downstream of matriptase-PAR-2 activation and signaling, as opposed to direct 

processing of pro-MMP-9 by matriptase, adding yet another layer of complexity to this 
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proteolytic crosstalk. Ectodomain shedding of E-cadherin by cell-surface proteases results 

in release of soluble-E-cadherin (sEcad), which is abundant in OvCa ascites fluid and is 

associated with poor prognosis (325,390). Several metalloproteases have been shown to be 

capable of E-cadherin processing, and although accumulating evidence points to the 

importance of sEcad in cancer progression (391), molecular details of upstream signaling 

pathways that regulate E-cadherin shedding are not fully established. In the published 

literature, regulation of E-cadherin by PAR-2 activation has been attributed to induction of 

EMT-mediated loss of E-cadherin, or phosphorylation of β-catenin, both resulting in 

disruption of E-cadherin-mediated cell-cell adhesion and barrier integrity (392,393). Our 

study identifies a matriptase/PAR-2 signaling pathway that results in MMP-9 upregulation, 

which drives E-cadherin shedding, disruption of spheroid interactions, and OvCa 

dissemination. Notably, the correlation between matriptase hyperactivity and sEcad release 

was confirmed within the context of orthotopic xenograft models of OvCa dissemination 

and in malignant patient-derived ascites fluid and tumors, further highlighting the 

generality and importance of this molecular mechanism to human disease. 

 

Studies outlined in Chapter 4 demonstrate that overactive and overexpressed matriptase 

and its MASP family member testisin result in opposing regulation of OvCa dissemination 

and metastatic signaling. This occurs despite the cleavage of their substrate PAR-2 at the 

same site and revealing the same tethered ligand. Our data demonstrates that constitutive 

testisin activity in OvCa tumors results in removal of PAR-2 from the cell surface and 

suppression of PAR-2 downstream signaling, while matriptase activity does not mediate 



 
 
 
 

179 
 

rapid PAR-2 turnover and results in enhanced PAR-2 downstream signaling. These data 

suggest that additional determinants of downstream signaling exist in addition to 

proteolytic cleavage and tethered ligand binding to PAR-2. PAR-2 internalization is 

reported to be mediated by a b-arrestin-dependent pathway. After activation cleavage, 

signal termination and internalization occurs via phosphorylation of the PAR-2 C-terminus 

and recruitment of β-arrestin, which mediates endocytosis and trafficking to lysosomes for 

degradation (223). We find that testisin activity removes PAR-2 from the cell surface, but 

does not affect total PAR-2 levels, whereas matriptase activity does not affect total or 

surface PAR-2 levels. These findings suggest that PAR-2 trafficking and degradation by 

lysosomes may be different between matriptase and testisin. Investigation of differential 

mechanisms of internalization are crucial, particularly to determine whether testisin merely 

removes PAR-2 from the surface and turns off metastatic signaling or directs a unique 

signaling pathway to regulate opposing anti-metastatic responses.  

 

Future studies could be directed at defining potential differential participation of G proteins 

and β-arrestin in PAR-2 activation trafficking and signaling by testisin and matriptase. 

Different signaling responses are known to be mediated by PAR-2 coupling to G proteins 

versus β-arrestin (226), suggesting the hypothesis that testisin activation uncouples PAR-

2 from G-protein activation by inducing recruitment of β-arrestin and possibly signaling 

from endosomes. While most normal cells do not express both matriptase and testisin, 

OvCa cells frequently overexpress both of these proteases. It may be difficult to dissect the 

specific effects of each protease on PAR-2 mediated modulation of signaling responses in 
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ovarian tumors. Future studies may be designed to determine the effect of silencing either 

endogenous testisin or matriptase on signaling pathways in OvCa cells that express both 

proteases, which can potentially reveal the potential of inhibiting one protease or the other.  

 

It is also possible that testisin can desensitize matriptase-mediated PAR-2 activation due 

to a close proximity advantage and limit pro-metastatic signaling by matriptase. Matriptase 

expressing ES-2-Mat cells and CRISPR/Cas9-mediated activation of endogenous testisin 

can be used to determine the impact of testisin activation on matriptase-mediated pro-

metastatic signaling and cellular behaviors in OvCa. These studies may be expanded to 

compare responses in the presence of other PAR-2 agonists like trypsin, if warranted.  

 

Alternative spatial and structural mechanisms may also explain differential modulation of 

PAR-2 activation by testisin and matriptase. Since testisin and matriptase are structurally 

different, possessing distinct membrane anchors and non-catalytic domains, it may be that 

the differential signaling is caused by altered PAR-2 conformations induced upon different 

structural interactions of PAR-2 with each protease. The localization of GPI-linked testisin 

and PAR-2 interactions on cell membranes is likely to be different than that of PAR-2 and 

matriptase due to the distinct differences in their membrane tethering regions. Testisin, like 

other GPI-anchored proteins, is compartmentalized to specialized membrane 

microdomains known as lipid rafts (394), which are rich in cholesterol and sphingomyelin 

and are commonly found in caveolae. Lipid rafts are believed to concentrate GPCRs, G 

proteins, and second messengers, and to spatially organize signaling scaffolds (395). On 



 
 
 
 

181 
 

the other hand, the membrane distribution of matriptase is not established, although due to 

its transmembrane anchor it is likely to distribute across the tumor cell membrane, 

including to lipid rafts, similar to PAR-2 (396). Protein-protein interactions between GPI-

linked testisin and PAR-2 are also anticipated to be different than those between matriptase 

and PAR-2 due to the presence of multiple structural domains present in matriptase in 

addition to its serine protease domain. Thrombin must bind to PAR-1 at a distinct exosite, 

a site additional to the cleavage site within the serine protease domain, for efficient PAR-

1 activation cleavage (226). It is possible that interactions between non-catalytic or 

additional sites within the matriptase or testisin catalytic domains may influence and 

differentiate interactions with PAR-2 to alter pro-metastatic signaling in OvCa cells. 

 

The overall goal of future studies would be to identify detailed structural, spatial, and 

molecular signaling mechanisms activated by matriptase or testisin cleavage of PAR-2.  If 

these pathways are completely non-independent and non-overlapping, modulators of PAR-

2 to enhance testisin-mediated activation of PAR-2 and dampen or block matriptase-

mediated activation of PAR-2 could be developed to reach an overall goal of suppression 

of OvCa progression and metastasis. There is an ongoing effort to develop PAR-2 

antagonists, and several have been shown to selectively inactivate a subset of PAR-2 

signaling pathways while either having no effect or selectively activating other pathways. 

The small molecule inhibitor, GB-88 (308,397), selectively antagonizes PAR-2 mediated 

Ca2+ release, pro-inflammatory cytokine release and cAMP stimulation in vitro and blocks 

several in vivo inflammatory disease conditions activated by PAR-2 (398,399). At the same 
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time, GB-88 promotes anti-inflammatory signaling by promoting β-arrestin recruitment to 

PAR-2, Rho stimulation, and ERK phosphorylation in vitro (339). However, GB-88 

mediates biased signaling by inactivating Gq pathways only in certain cell types and 

activating cAMP, ERK1/2, and RhoA pathways in other cell types (397,400,401), adding 

another layer of complexity to the phenomenon of biased signaling and ability to 

preferentially target certain pathways. Another peptidomimetic antagonist, C391, 

derivative of the mouse tethered ligand sequence (2-furoyl-LIGRLO-NH2), selectively 

blocks PAR-2 mediated Ca2+ and MAPK signaling in vitro at low concentrations and 

blocks pain hypersensitivity in vivo (401). High concentrations showed partial agonist 

activity by activating Ca2+ release but did not activate MAPK signaling, indicating pathway 

selectivity that can be fine-tuned. This peptidomimetic also provides an alternative 

molecular structure that can be used for PAR-2 antagonism. A recently described allosteric 

modulator of PAR-2, I-287, selectively inhibits Gq and G12/13 coupled signaling and 

promotes anti-inflammatory properties in vivo. but had no effect on Gi  signaling or β-

arrestin recruitment (402). It is clear that PAR-2 signaling is complex, but a more detailed 

understanding of specific binding interactions and signaling pathways used by endogenous 

proteases, e.g. testisin-PAR-2 in suppression of OvCa dissemination and matriptase-PAR-

2 mediated enhanced OvCa dissemination, could reveal specific ways to selectively 

modulate PAR-2 signaling to shift the balance towards mitigating advanced disease for 

improved patient survival. In support of this approach, two recently reported antagonists 

of PAR-2 were developed that bind to allosteric sites of PAR-2, instead of orthosteric site 

binding, through favorable receptor conformations (403). Further studies of exosite and 
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receptor binding interactions between testisin-PAR-2 and matriptase-PAR-2 could identify 

unique conformations that can be stabilized by PAR-2 modulators and activate the 

preferred subset of PAR-2 signaling pathways. 

 

Ultimately, the goal of understanding the crucial mechanistic role of MASP family 

members in OvCa is to utilize their tumor-associated hyperactivity to develop targeted 

therapeutic agents to improve survival outcomes for patients with limited effective 

treatment options. Proteases have been an attractive target in cancer research due to their 

roles in tumor growth and metastasis (271). Protease inhibitors designed to block activity 

however, have generally resulted in a nonselective inhibition profile or systemic toxicity 

(272), indicating the need for better therapeutic approaches to target tumor-associated 

protease hyperactivity. Harnessing the catalytic power of tumor-associated proteases with 

protease-activated prodrugs designed to deliver cytotoxins is currently showing promise to 

combine target site activation with selective delivery and specificity (272). The PAS:LF 

toxin is based on a AT delivery system reengineered into a prodrug requiring zymogen-

activating serine proteases in the tumor pericellular environment for selective anti-tumor 

cytotoxicity. Zymogen activation is a very tightly regulated enzymatic process that is 

expected to be relatively unaffected by PAS:LF in normal settings. In the tumor 

microenvironment, however, PAS serves as a potent substrate for hyperactive proteases. 

The irreversible nature of proteolytic cleavage allows these tumor-associated MASPs to 

act as unidirectional switches. The multi-component aspect of PAS:LF-induced 

cytotoxicity requires several steps to occur (e.g. PAS cell surface binding, proteolytic 
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activation, endocytosis, delivery of cytotoxic cargoes, and dependence on active MAPK 

survival signaling for LF) and requires several additional factors (e.g. ANTXR1/2 

expression, inhibitor expression) further enhancing selectivity and reducing off-target 

activation. To our knowledge, this is the first study to utilize zymogen activation to 

generate protease-activated prodrugs. 

 

OvCa is a heterogeneous disease consisting of several different subtypes, which are likely 

to express varying ZMT-activating proteases depending on the tumor biology and 

functional requirements. The ability of multiple zymogen-activating serine proteases with 

overlapping substrate specificities to activate the PAS:LF toxin confers an advantage for 

its anti-tumor effects, since the toxin will remain effective if a tumor cell evades treatment 

by downregulating an individual MASP or inhibiting its enzymatic activity. PAS was not 

cleaved by widely expressed furin, prostasin, uPA, or MMP-2/-9, which implies that this 

toxin is likely to be specifically activated with minimal off-target activation by proteases 

with broad normal physiological functions. The lack of any visible side effects or organ 

damage upon necropsy after in vivo treatments with PAS:LF strengthens this notion. 

 

The sensitivity of ES-2 and NCI/ADR-Res cells and spheroids to PAS:LF appeared to be 

correlated with ERK1/2 activation, supporting the notion that MAPK pathway activation 

is a possible determinant of tumor susceptibility to PAS:LF induced killing. OvCa is 

characterized by oncogenic driver mutations, several of which induce ERK1/2 activation. 

These include p53 (particularly in the high-grade serous subtype), BRCA1/2, KRAS, NF1, 
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CDK12, PIK3CA and BRAF, all of which have roles in the regulation of Ras-MAPK-

MEK-ERK1/2 signaling pathway (360-362,404). The most common BRAF mutation, 

V600E, contributes synergistically to constitutive MAPK function and predicts sensitivity 

to MEK inhibitors as it positively correlates with increased pERK1/2 levels (363,364). ES-

2 cells, which are highly responsive to PAS:LF cytotoxicity, contain the V600E mutation 

and show substantial pERK1/2 expression. Thus, Ras or BRAF mutation status and 

pERK1/2 levels could predict sensitivity to PAS:LF cytotoxicity. Recent clinical studies 

indicate that BRAF inhibition in combination with MAPK inhibitors, e.g. trametinib or 

cobimetinib, results in enhanced therapeutic efficacy (364). However, these and other 

similar MEK inhibitors are reversible, and have low therapeutic index which causes off-

target effects and short-lived responses. PAS:LF could be a tumor-selective enzymatic 

alternative that irreversibly directly cleaves and inactivates MAPK signaling pathway 

components and thus would be potentially more efficient compared to MEK inhibitors 

currently under investigation. 

 

The Ras-Raf-MEK-ERK1/2 pathway is dysregulated in almost 40% of all human cancers, 

likely due to mutations in BRAF (~10%) and its upstream activator RAS (~30%) (359). 

This suggests that PAS:LF may be an effective strategy for targeting other cancers 

characterized by constitutive activation of these pro-survival pathways, e.g. prostate (405), 

lung (406), pancreatic (407) and breast (408). Hepsin, matriptase, and other MASPs are 

hyperactive in several of these tumors (199), providing a similarly attractive pericellular 

microenvironment for PAS:LF activation and tumor killing.  
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Taken together, our data provides strong evidence that the engineered AT mechanism that 

utilizes overactive MASPs is a promising translational therapeutic approach to improve the 

outlook of women diagnosed with advanced OvCa. To our knowledge, this is the first study 

revealing that testisin, hepsin, or matriptase can be targeted with an engineered AT to kill 

OvCa tumor cells in vitro and in vivo as well as human ascites-derived OvCa tumor cells, 

which play a dominant role in OvCa disease recurrence (409).  Our preclinical data show 

that PAS:LF toxin-induced killing is tumor-specific without obvious adverse effects, which 

strongly suggests potential efficacy as an anti-tumor therapy with minimal side-effects 

once a safe dose is determined. 

 

In addition to constitutive tumor-associated hyperactivity of MASPs, our results 

demonstrate that CPTX treatment of OvCa cells results in upregulation and activation of 

cell surface MASP activity, potentially involving a MAPK pro-survival signaling pathway. 

In non-cancer cells, MASP proteolytic activities are tightly regulated, suggesting transient 

and short duration of MASP proteolytic activity in healthy tissue, whereas constitutive 

protease activity in tumors is required for the maintenance of the malignant phenotype. 

MASPs are synthesized and transported to the cell surface as inactive single chain 

zymogens that require activation cleavage by zymogen-activating proteases or 

autocatalytic activation in some cases, suggesting that many MASPs function as self-

contained initiators of pericellular proteolytic cascades (378,410), possibly in response to 

activated cell signaling pathways. Our results demonstrate both increased cell-surface 
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protease activity and activation cleavage of MASPs matriptase and hepsin in response to 

CPTX, yet little is known about the mechanisms that regulate this activation and how 

cancer drugs could inadvertently enhance activities to promote persistent or advanced 

disease. Since the oncogenic activities of both of hepsin and matriptase may arise not only 

from increased activation, but also from depletion of the Kunitz-type serine protease 

inhibitors HAI-1 and HAI-2 (108) which together trigger gain-of-protease functional 

activity signaling (108,199), the possibility of CPTX-induced down-regulation of these 

major inhibitors is an important future direction that is being explored in the laboratory. 

Our data implicate a mechanism involving MEK, a major pro-survival signaling pathway, 

in inducing the CPTX-mediated increase in cell-surface MASP activity. Future studies will 

determine additional major cellular activation pathways required for induction of MASP 

activity, particularly those that have been implicated in OvCa patients and can be targetable 

as a potential therapeutic strategy. Lastly, since both hepsin and matriptase are recognized 

to have roles in enhancing cell-cell junctions as well as disrupting cell-cell adhesion and 

facilitating cell migration via dissolution of basement membranes, the impact of CPTX on 

MASP induced metastatic activities will also be determined. While the antiproliferative 

effects of CPTX regimens are well-recognized and clinically valuable, our findings that 

CPTX rapidly promotes pericellular MASP activation warrants a thorough molecular 

mechanistic investigation to avoid inadvertently enhancing tumor persistence and recurrent 

disease.  
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We have demonstrated PAS:LF as a strong candidate for further clinical development, 

however a possible limitation in the translation of this technology is the patient’s immune 

response to foreign exogenous proteins and development of a neutralizing antibody 

response, which can limit the duration and efficacy of repetitive treatments. Previous 

studies by others using a syngeneic model of Lewis Lung carcinoma with a different re-

engineered AT strategy (targeted for cleavage by uPA and MMPs) showed that neutralizing 

antibodies could be detected in serum of immune competent C57BL/6J mice by 10 days 

post treatment (411). Indeed, our preliminary results using PAS:LF toxin in a syngeneic 

model of OvCa metastasis did not elicit effective anti-tumor killing, likely resulting from 

a neutralizing immune response (as detailed in dissertation studies by Gregory Conway 

(295)). The combination of pentostatin and cyclophosphamide (PC) has been used 

successfully to prevent neutralizing antibody production against a Pseudomonas exotoxin 

A-based immunotoxin (412-414). We expect to minimize neutralizing antibodies to 

PAS:LF while producing strong and durable antitumor response in vivo with the 

PC/PAS:LF regimen, however we anticipate that the effective doses and schedules may 

require some optimization. Alternatives, such as Rituximab, which targets circulating B 

cells, is unlikely to be effective as it was unsuccessful at preventing immune responses to 

another immunogenic protein LMB-1 (413). Bortezomib, which targets terminally 

differentiated B cells, is effective in reducing neutralizing antibody production to 

immunotoxins, particularly in combination with PC (415). This can be tested as a 

complement with PC.  
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Intraperitoneal delivery of the PAS:LF toxin, which allows direct targeting of disseminated 

OvCa cells, resulted in effective tumor killing in several xenograft models.  The nature of 

peritoneal OvCa dissemination allows localized delivery of anti-tumor agents. Since the 

peritoneum is a defined compartment that allows maximal and direct exposure to any 

therapeutic agent for a brief period, toxicity may be reduced compared to systemic 

administration. Hyperthermic intraperitoneal chemotherapy (HIPEC) is finding increased 

clinical use and can result in longer recurrence-free survival and overall survival (416), and 

can be utilized as a potential delivery regimen for PAS:LF alone or in conjunction with 

standard-of-care chemotherapy. 

 

In conclusion, this thesis identified a novel functional signaling axis by which a 

matriptase/PAR-2 signaling pathway promotes OvCa dissemination and metastasis and 

uncovered a unique biased agonism phenomenon involving a testisin-PAR-2 signaling 

pathway. Further, a translational approach to harness the unopposed MASP proteolytic 

activity on the surface of OvCa cells was developed using a re-engineered AT system to 

induce highly selective anti-tumor cytotoxicity in several models of OvCa dissemination 

and patient-derived tumors. A more detailed molecular understanding of signaling 

pathways triggered by matriptase and MASP family members, as well as their role as novel 

activators of a highly selective protease-activated pro-drug strategy, can contribute to 

development of novel treatments for women with advanced OvCa and greatly impact 

patient outcomes in the future. 
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APPENDIX 

Table 1 – Experimental Reagents 

Reagent Company Catalog # 
0.45μm PVDF EMD Millipore IPVH00010 
4-12% Bis Tris Gel ThermoFisher NP0322B 
ACK Lysis Buffer Quality Biologicals 118-156-101 
AEBSF Sigma A8456 
Agarose Sigma A9539 
BOC-QAR-AMC R & D ES014 
Calcein-AM Invitrogen C1430 
CellTrackerTM Orange 
CMTMR Dye ThermoFisher C2927 

D-Luciferin Perkin-Elmer 122799 
Dharmafect 1 Dharmcacon T-2001-02 
GB-83 Axon MedChem 1622 
Geneticin (G418) Gibco 15040066 
GM6001 Calbiochem 364205 
High Capacity Reverse 
Transcription Kit ThermoFisher 4368814 

Kwik-Diff TM ThermoFisher 9990705 
Lipofectamine 2000 ThermoFisher 11668027 
LIVE/DEAD 
Viability/Cytotoxicity Kit ThermoFisher L3224 

LY294002 Calbiochem 559397 
MammocultTM Media StemCell Technologies 5620 
Matrigel® Corning 354234 
MTT Invitrogen M6494 
MycoAlert Mycoplasma 
Detection Kit Lonza LT07-218 

PA-WT, PAS, LF, FP59 
recombinant proteins Dr. Stephen Leppla, NIH N/A 

Phosphatase Inhibitor 
Cocktail Roche 4906845001 

Poly-HEMA Sigma P3932 
Ponceau Sigma P7170-1L 
PrestoBlueTM  ThermoFisher A13261 
Protease Inhibitor Cocktail Roche 11697498001 
Protein Assay Dye Bio-Rad 500-0006 
PureLink RNA Mini Kit ThermoFisher 12183025 
Quantikine E-Cadherin 
ELISA R&D DCADE0 
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Table 1 – Experimental Reagents (continued) 
 
Rneasy Mini Kit Qiagen 74106 
SB202190 Calbiochem 440204 
SuperSignal West Pico 
PLUS ThermoFisher 34577 

Taqman Fast Advanced 
Master Mix ThermoFisher 4444557 

Type I collagen EMD Millipore 08-115 
U0126 Calbiochem 662005 
Vectastain Kits Vector Laboratories PK-6101 
Versene ThermoFisher 15040066 
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Table 2 – DNA Plasmids 

Plasmid Expression Product Source 
pEF1a-IRES-AcGFP1 Vector ClonTech Laboratories 
pEF1a-IRES-AcGFP1-WT 
Matriptase 

WT Matriptase Antalis Lab, Marguerite 
Buzza 

pcDNA3.1  Vector Invitrogen 
pcDNA3.1 Hepsin Hepsin Antalis Lab, Erik Martin 
pcDNA3.1 HAI-1 HAI-1 Dr. Chen-Yong Lin 

(Georgetown University) 
(209) 

pcDNA3.1 HAI-2 HAI-2 Dr. Chen-Yong Lin 
(Georgetown University) 
(268) 

pDisplay Vector Invitrogen (V66020) 
pDisplay-HA-Testisin HA-tagged human testisin Antalis Lab, Kathryn 

Driesbaugh 
pMSCV-Luciferase PGK-
Hygro 

Luciferase Dr. Stuart Martin, 
University of Maryland 
School of Medicine, 
Baltimore, MD 
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Table 3 – Antibodies  

Antibody Species Company Catalog # 
Primary Antibodies 
anti-CA125 (MUC16) Rabbit Abcam ab133419 
anti-CD31 Rabbit Abcam ab28364 
anti-Dsg2 Rabbit ProteinTech 21880-1-AP 
anti-E-cadherin (Ectodomain) Mouse ThermoFisher HECD-1 
anti-HAI-1 Mouse ProteinTech 67031-1-Ig 
anti-matriptase Rabbit Millipore IM1014 
anti-matriptase (blocking 
antibody A11) Rabbit Millipore MABC115 

anti-PA Rabbit Dr. Stephen Leppla, NIH 5308 

anti-PAR-2 (SAM11) Mouse Santa Cruz 
Biotechnology SC-13504 

anti-PAX8 Rabbit ProteinTech 10336-1-AP 

anti-phospho-Akt (Ser 473) Rabbit Cell Signaling 
Technologies 9271 

anti-phospho-Met  
(Tyr 1234/1235) Rabbit Cell Signaling 

Technologies 3126 

anti-phospho-ERK1/2 Rabbit Cell Signaling 
Technologies 9101 

anti-Total Akt Mouse Cell Signaling 
Technologies 40D8 

anti-Total ERK1/2 Rabbit Cell Signaling 
Technologies 9102 

Anti-Total Met Mouse Cell Signaling 
Technologies 25H2 

anti-β-tubulin Rabbit Santa Cruz 
Biotechnology H-235 

Conjugated Secondary Antibodies 
anti-Mouse AlexaFluor 488 Goat ThermoFisher A11029 
anti-Mouse AlexaFluor 555 Goat ThermoFisher A32727 
anti-Mouse HRP Conjugated Goat Jackson 

ImmunoResearch 
Laboratories 

115-035-146 

anti-Rabbit HRP Conjugated Mouse Jackson 
ImmunoResearch 
Laboratories 

211-035-109 
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Table 4 – Taqman Primers  

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Gene Identification  # 
ANTXR1 (TEM8) Hs00216777_m1 
ANTXR2 (CMG2) Hs00292467_m1 
DSG-2 Hs00170071_m1 
E-cadherin (CDH1) Hs0102395_m1 
GAPDH Hs02758991_g1 
HAI-1 (SPINT1) Hs00173678_m1 
HAI-2 (SPINT2) Hs01070442_m1 
Hepsin (HPN) Hs01056332_m1 
IL-8 Hs00174103_m1 
Luciferase Mr03987587_mr 
Matriptase (ST14) Hs00222707_m1 
MMP-9 Hs00957562_m1 
N-cadherin (CDH2) Hs00983056_m1 
PAR-2 (F2RL1) Hs00608346_m1 
Prostasin (PRSS8) Hs00173606_m1 
Testisin (PRSS21) Hs00199035_m1 
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